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Chapter 1 
 
INTRODUCTION 
 
Molecular mechanisms of heavy metal tolerance and evolution in 
invertebrates 
 
Thierry K.S. Janssens, Dick Roelofs and Nico M. van Straalen  
Accepted by Insect Science (in modified form) 
 
 
Evolutionary genetics of adaptation  
 
The emergence of the multi-disciplinary science of evolutionary and ecological functional 
genomics (EEFG) (Feder, Mitchell-Olds, 2003), following the technological innovations of 
the genomic revolution, is herald to a wave of molecular evidence for the evolution of 
ecologically relevant traits in the near future. A lively debate has been going on for the last 
few years regarding the question whether adaptive nucleotide polymorphisms are mainly 
located in mutations affecting the structure of non-regulatory proteins (Hoekstra, Coyne, 
2007) or at transcriptional regulatory loci, where the mutation can be in cis (non-coding 
regulatory loci) or in trans (coding regulatory loci, such as transcription factors) (Carroll, 
2005; Hsia, 2003; Levine, 2003; Purugganan, 2000; Wray, 2007; Wray et al., 2003).  
 An example of an adaptive structural polymorphism without transcriptional change 
was provided in a case study of adaptive melanism in pocket mice (Nachman). The Mcr1 
gene, coding for a transmembrane G-protein coupled receptor in melanocytes (regulating 
the pigmentation of hairs in mammals) showed polymorphisms which conferred adaptive 
variation in fur colour in relation to the colour of the soil on which the mice lived, as a 
protection to predation by camouflage (Nachman et al., 2003). Later QTL (quantitative trait 
loci) studies on the pigmentation of oldfield mice species (Peromyscus sp.) revealed two 
loci of major effect which determined the body region-specific fur pigmentation. Although 
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light coloured furs were associated with a single amino acid substitution in the Mcr1 
receptor, a regulatory mutation causing an increased expression of its ligand, Agouti 
protein, was required for this phenotype (Steiner et al., 2007). Another striking example is 
the evolution of organo-phosphorous insecticide resistance in the mosquito Culex pipiens, 
by some structural mutations in the acetylcholine esterase protein, which is the site of 
action of these insecticides (Bourguet et al., 1996). However, also a gene dosage component 
(transcriptional and gene duplication) was observed in some populations (Bourguet et al., 
1997). Therefore, transcriptional regulation is an equally important process in the 
evolution of adaptive novelties as the emergence of structural mutations. 
 Transcriptional regulation is the process by which the amount of mRNA from a gene is 
determined. It happens by integration of developmental, temporal, environmental, 
endocrine and tissue-specific signals, transmitted by the activation, nuclear translocation 
and binding of transcription factors, on to modularly arranged specific binding sites. 
Transcription factors are proteins, belonging to several protein families, which specifically 
bind to regulatory or responsive DNA elements (Warren, 2002). Interactions of these 
transcription factors with the basal RNA polymerase II complex bound to the initiator or 
TATA box, determine the rate of transcriptional initiation: the frequency by which the 
RNA polymerase II leaves the initiator to transcribe the respective coding sequence into 
mRNA (Shopland et al., 1995; Smale, Kadonaga, 2003). This process may involve,  
1) DNA looping (to bring bound transcription factors, from distantly positioned binding 
sites, together to interact),  
2) the recruitment of co-factors (proteins which do not bind DNA but exert their activity 
by specific protein-protein interactions),  
3) post-translational modifications of transcription factors and co-factors,  
4) chromatin remodelling (an epigenetic process which determines the tightness of the 
chromatin by DNA methylation and histone modification) and  
5) interactions with the nuclear matrix, which bind for example insulators or boundary 
elements in order to define transcriptional regions on chromosomes (Alberts et al., 
2002; Arnosti, 2002; Berger, 2002; Brasset, Vaury, 2005; Dorsett, 1999; Farkas et al., 2000; 
Gamble, 2002; Gilbert, 2005; Ludwig, 2002).  
Promoters are more evolvable than coding regions due to the modularity of their 
architecture and the absence of reading frame constraints. They have a high turnover in 
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possible binding sites (Stone, Wray, 2001), but due to stabilizing selection, weakly selected 
mutations and redundancy of binding sites, regulatory variation can exist without 
phenotypic consequences (Ludwig et al., 2000). In several cases the observed variation in 
transcription is non-adaptive and represents neutral evolution (de Meaux et al., 2005; 
Whitehead, Crawford, 2006a). 
 Other factors contributing to determine mRNA levels and stability are, among others, 
the poly(A)-tail structure at the 3’-end of a transcript which binds several regulatory 
proteins (Ross, 1996), microRNAs (Gesellchen, Boutros, 2004), and stress granules where 
mRNA can be temporally accumulating (Ivanov, Nadezhdina, 2006). Finally, there is also 
control at the translational and the post-translational level which can cause a discrepancy 
between the observed transcriptome and the proteome (Pradet-Balade et al., 2001). 
 There are numerous examples in the literature describing plastic transcriptional 
responses towards changing conditions and resources in the environment (Eide, 2001; 
Girardot et al., 2004). However the evolutionary process of adaptive eukaryotic 
transcriptional regulation in a clear ecological framework (i.e. with knowledge about a 
selective agent in the environment) has only been reported by a small number of studies.  
 Mutations responsible for variation in transcriptional regulation of a certain gene can 
be located in different sites of a genome (Wittkopp, 2005; Wray, 2007; Wray et al., 2003). 
Cis-regulatory variants are located in the functional non-coding DNA, such as promoters, 
silencers and enhancers, representing polymorphisms in the structure and arrangement of 
binding sites for transcription factors, chromatin remodelling factors and even factors that 
determine mRNA stability. In contrast, trans-regulatory variants determine the amount 
and properties of one or several of these factors, these are mostly regulatory proteins but 
also microRNAs, which determine the expression of the particular gene. This means that 
trans mutations can also be cis mutations, when they reside in non-coding regulatory DNA 
of the gene encoding the regulatory factor. Therefore, the interpretation of cis or trans 
depends on the genomic location of a mutation and the transcribed gene of interest (Figure 
1). 
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Figure 1: Mutations affecting the expression of a certain gene can be located in cis or trans. 
This depends on the genomic location relatively to the gene of interest. Cis regulatory 
polymorphisms are often located in the promoter regions in the vicinity of genes.  
 
 
Cis-regulatory evolution 
The teleost Fundulus heteroclitus has been a valuable model in the study on adaptive 
processes in differing environments. Compensatory over-expression of Ldh-B (lactate 
dehydrogenase B) in relation to average water temperature in a steep thermal gradient 
along the North American Atlantic coast has been traced down to polymorphisms in the 
promoter (Schulte, 2001), respectively to a glucocorticoid hormone receptor binding site 
(Schulte et al., 2000) and a Sp1 binding site in the proximal promoter (Crawford et al., 
1999). Later the expression level of 13 other genes  was identified to be under selection by 
the average water temperature (Whitehead, Crawford, 2006a). In populations from this 
species, originating from highly contaminated (PCBs and PAHs) sites, adaptive expression 
profiles, of which a minor subset was convergent, were observed in the brain tissue 
(Fisher, Oleksiak, 2007). Another example confers insecticide resistance in Drosophila 
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melanogaster. A transposon in the Cyp6gi (P450) promoter, increased the transcription of 
this gene (Daborn et al., 2002). The evolution of hsp70 (heat shock protein 70kDa) 
promoters in D. melanogaster is very dynamic due to the insertion of transposons. 
Transposon insertions in heat shock promoters are easier than in other promoters because 
heat shock genes are more available due to reduced chromatin condensation (Walser et al., 
2006). These transposons interfere with the expression of the hsp70s and alter organismal 
fitness features (Lerman et al., 2003), and hence introduce regulatory genetic variation in 
the genome. Natural selection has been reported against these hsp70 promoter insertions in 
populations experiencing thermal stress (Michalak et al., 2001). Another example of cis-
regulatory change is found in the plant Boechera holboellii. In an environmental gradient of 
soil humidity, a drought resistant population exhibited a differential transcriptional 
response upon desiccation (Knight et al., 2006).  
 
Trans-regulatory evolution  
Fluconazole resistant strains of the fungus Candida albicans have a reduced intra-cellular 
concentration of this drug, which is caused by the constitutive higher expression of the 
mdr1 gene. The protein encoded is a transmembrane pump removing fluconazole from the 
cell. However no promoter polymorphisms were observed and a mdr1 promoter gfp-
reporter construct was constitutively higher in resistant strains, which indicated a trans-
regulatory adaptation (Wirsching et al., 2000). Later research confirmed that these 
mutations must reside at  multiple trans-loci (Hiller et al., 2006). Expression levels of the 
Cyp6A1 gene in Musca domestica (Rutgers strain) were linked to a trans-mutation in an ali-
esterase αE7. This mutation affects the production of an intermediate metabolite, which 
normally inhibits Cyp6A1 expression (Sabourault et al., 2001). 
 The location of a regulatory mutation can be determined by eQTLs (quantitative loci 
for gene expression); the majority of intra-specific eQTLs are situated in trans and are 
concentrated in centralized regulatory hubs (Wittkopp, 2007). In 28 out of of 29 analysed 
genes between Drosophila species inter-specific differences resided in cis, of which 16 did 
also show a trans-regulatory component (Wittkopp et al., 2004). Analysis of chromosomal 
substitution strains pointed to the importance of cis-regulatory polymorphisms in intra-
specific variation in gene expression in D. melanogaster, which suggested a scope for 
incipient speciation (Osada et al., 2006). However, by association of multi-modal 
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expression profiles in different isogenic lines in D. melanogaster in a mixed model 
approach, a complex interplay of cis- and trans-acting factors was observed (Hsieh et al., 
2007). Apparently no consensus has been reached in the evolutionary cis-trans debate.  
 In this thesis the role of transcriptional regulation in adaptive evolution at the level of 
the population is tackled. The evolution of heavy metal tolerance in the springtail 
Orchesella cincta is used as a model. 
 
Mechanisms of the Cd stress response and detoxification 
 
Heavy metals include elements for which the density as a pure metal is 5 g/cm3 or more. 
Several heavy metal ions are required at structural and catalytic sites in proteins (e.g. Fe, 
Zn, and Cu), others do not have a known biological function and are therefore considered 
as "non-essential" (e.g. Cd, Pb, Hg, Ni). Non-essential metals occur together with essential 
metals in the environment, for example in volcanic rocks, ores and deposition by 
industrial activities. Both essential and non-essential metals can be toxic when dosed 
above a critical level. One of the metals of great environmental concern is cadmium (Cd), 
which is a major pollutant mainly by point source deposition in the environment from 
non-ferro metallurgy and is also renowned for its carcinogenicity (Nawrot et al., 2006). 
 The major route for uptake of cadmium ions by insect cells is via the calcium channels 
(Braeckman et al., 1999; Craig, 1999). Cd2+ is an electrophilic ion, which under 
physiological conditions has the following affinity for biochemical ligands: thiol > 
phosphate > chloride > carboxyl. This implies that Cd is proteotoxic by displacement of 
the essential metals from proteins (at structural and catalytic positions, resulting in loss of 
function) and subsequently cytotoxic due to the disruption of cell signalling and Ca2+-
homeostasis. The generation of oxidative stress and subsequent lipid peroxidation of the 
cell membrane are to be ascribed to disruption of mitochondrial oxidative 
phosphorylation and the depletion of antioxidant protein pools (Bertin, Averbeck, 2006; 
Korsloot et al., 2004). Genotoxicity is achieved at elevated concentrations by covalently 
binding to DNA (Hossain, 2002) and inhibition of the mismatch-repair systems (Jin et al., 
2003). The main cell signalling pathways activated by Cd are the MAPK (mitogen-
activated protein kinase) cascade, PKC (protein kinase C) and the subsequent induction of 
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proto-oncogenes (such as c-jun and c-fos, which form the heterodimeric transcription factor 
AP-1) (Korsloot et al., 2004).  
 By a specific balance between several proto-oncogenes and tumor-suppressors, a cell 
can be induced to become mitogenic or apoptotic. For example, exposure of mesenglial 
cells to 10 µM Cd during 8 hours showed a Cd-specific activation of the Erk (extracellular 
signal-regulated kinase), SAPK (stress-activated protein kinase) and hence c-fos 
expression, not observed upon exposure by other heavy metals, and which was revealed 
as an increase in specific kinase activities and increase of the three respective transcripts 
(Ding, Templeton, 2000). The proto-oncogenes are also interacting with the expression of 
early response detoxification systems (Wimmer et al., 2005), such as metallothioneins, 
glutathione, superoxide dismutase and catalase. Also the induction of direct Cd 
transporters (Liao et al., 2002), cytoskeleton proteins (Mattingly et al., 2001), and extra-
cellular protective proteins (Rayms-Keller et al., 2000) has been reported upon cadmium 
exposure. Cd is bound by phytochelatins, which were considered to be plant-specific until 
the recent isolation of a phytochelatin synthase and a phytochelatin transporter gene from 
Caenorhabditis elegans (Vatamaniuk et al., 2005; Vatamaniuk et al., 2002). This list of 
cadmium-binding macro-molecules and detoxification mechanisms is far from exhaustive, 
and other taxon-specific examples have been isolated or do have to be discovered yet. The 
protection at proteotoxic concentrations is assisted by stress proteins, chaperones which 
repair the damaged proteins (Korsloot et al., 2004).  
 
The metallothionein system 
 
The best studied heavy metal detoxification system is the one in which metallothioneins 
are involved and has been studied extensively in vertebrates. Since metallothionein was 
discovered in horse renal cortex tissue in 1957 (Margoshes, Vallee, 1957), metallothionein 
proteins have been isolated and studied in a wide variety of organisms (Dallinger, 1996; 
Roesijadi, 1992), including prokaryotes and plants. They are small, ubiquitous proteins 
and remarkably cysteine rich (20-30%) and devoid of aromatic amino acids and histidine 
(Kägi, 1991). The functions of metallothioneins are metal homeostasis and detoxification. 
In addition they contribute to control of the cellular redox status (Viarengo et al., 2000). 
The reduced cysteines serve in the (mostly two) metal-thiolate clusters, which are able to 
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specifically bind metals (e.g. Cu, Zn and Cd). Beside the metal-thiolate cluster no 
characteristic secondary structure has been identified. These structures are only conserved 
within closely related species, which makes the classification of metallothioneins 
problematic (Binz, Kägi, 1999; Kägi, 1991). Often several paralogues (mostly called 
isoforms) exist in the genome of a species, especially in mammals multiple isoforms are 
present (Miles et al., 2000), e.g. the human genome has 17 metallothionein genes, of which 
10 functionally characterized, clustered on the 16q13 locus. These mammalian forms 
exhibit a large degree of tissue-specific expression. 
 Metal specificity of metallothionein isoforms has been proven in invertebrate taxa, such 
as the gastropod Helix pomatia (Dallinger et al., 1997) and D. melanogaster (Egli et al., 2006a) 
based on induction and binding efficiency measurements. In these species a copper and a 
cadmium specific metallothionein were identified. D. melanogaster contains four 
metallothioneins of which MtnA and MtnB, are specific for respectively copper and 
cadmium (and were formerly known as Mtn and Mto). The function of the two other 
Drosophila MTs (MtnC and MtnD) (Egli et al., 2003) is still elusive. Attempts to isolate the 
MtnA protein from fly tissue have been unsuccessful. It was hypothesized that this is due 
to polymerization into lysosomal granules in contrast to the the MtnB protein, which is 
freely available (Lauverjat et al., 1989). The MtnA locus shows duplications in natural and 
laboratory populations, which confer increased tolerance to cadmium (Maroni et al., 1995; 
Maroni et al., 1987; Otto et al., 1986). The single metal thiolate cluster containing Drosophila 
metallothioneins were considered to be phylogenetically closer related to the fungal 
copper thioneins than to the mammalian Zn thioneins (Domenech et al., 2003; Valls et al., 
2000). This could not be generalized for all arthropods, because of the zinc binding 
properties of some crustacean MTs (Valls et al., 2001). The earthworm Lumbricus rubellus 
contains three isoforms (on the protein level) (Stürzenbaum et al., 2004; Stürzenbaum et al., 
1998) of Cd-binding metallothionein of which only the wmt-2 isoform is Cd-inducible 
(Stürzenbaum et al., 2001) and the wmt3 is enriched in embryonic tissue (Stürzenbaum et 
al., 2004). The genomic organisation of these isoforms is complicated. The wmt2 is encoded 
on three loci in the L. rubellus genome (Stürzenbaum et al., 2004), although these could also 
represent three alleles at the same locus (Stürzenbaum, personal communication). In C. 
elegans two heat shock and cadmium inducible metallothioneins were discovered, which 
were not responsive to Cu or Zn, and worked independently from each other (i.e. without 
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compensatory expression levels under mutual knock-out) (Freedman et al., 1993; Swain et 
al., 2004). A toxicogenomics study in Daphnia magna detected two metallothioneins, 
inducible by Cd and Cu, but not by Zn, revealing metal specificity (Poynton et al., 2007). 
 
Metallothionein transcriptional regulation 
 
Metallothioneins are induced by a wide array of compounds, including heavy metals, 
oxidative stress, hypoxia and endocrine signals (Kägi, 1991). Their mRNA and protein 
levels do no always coincide because of the significant turnover and the possibility of 
translational control component in the expression (Bourdineaud et al., 2006). The promoter 
regions of metallothioneins contain a set of characteristic binding sites for transcription 
factors, which regulate the basal and the metal-induced transcription (Haq et al., 2003). The 
most prominent is the metal responsive element (MRE), binding site for the metal-specific 
transcription factor MTF-1, a zinc finger protein. This transcription factor has been isolated 
from Drosophila (Zhang et al., 2001), fish (Chen et al., 2002; Dalton et al., 2000; Maur et al., 
1999), and mammals (Brugnera et al., 1994; Radtke et al., 1993) and sufficiently 
characterised. 
 Other transcription factors involved in vertebrate metallothionein transcription are 
Nrf-2 (nuclear erythroid 2 p45-related factor 2, a redox-sensitive basic leucine zipper), AP-
1 (activator protein 1, transcriptional regulatory endpoint of many stress pathways, c-
jun/c-fos proto-oncogene dimer, leucine zipper), and Sp1 (specificity protein 1, necessary 
for specific transcriptional initiation, zinc finger protein). 
 The mechanism of regulation at the level of the MTF-1 transcription factor, which is 
important for basal and induced transcription, has been hypothesized several times. 
However, transcription of MTF-1 is not induced by heavy metal exposure (Heuchel et al., 
1994). 
 Increased cellular zinc levels and zinc displacement from metallothionein by other 
heavy metals, oxidative stress and phenolic anti-oxidants are involved in metallothionein 
induction (Bi et al., 2004; Dalton et al., 1996; Haq et al., 2003; Roesijadi, 1992; Zhang et al., 
2001; Zhang et al., 2003). Therefore MTF-1 can be considered as a cellular zinc sensor (Bittel 
et al., 1998; Daniels et al., 2002; Laity, Andrews, 2007), which has differential affinities for 
the several MREs, depending on the applied zinc concentration (Wang et al., 2004). Also, 
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extensive homeostatic feed-back mechanisms of MT on other zinc recruiting transcription 
factors have been reported (Zeng et al., 1991a; Zeng et al., 1991b; Zhang et al., 2003). In 
addition MTF-1 is rapidly translocated to the nucleus upon zinc and cadmium treatment 
(Smirnova et al., 2000). A zinc sensitive inhibitor MTI (metallothionein transcription 
inhibitor), which binds and inhibits MTF-1, but dissociates from MTF-1 during zinc 
exposure (possibly by zinc redistribution by heavy metals or oxidative stress), was 
suggested (Palmiter, 1994). These zinc-based mechanisms have been challenged in a 
review by Bourdineaud et al. (2006), because of the environmentally non-relevant high 
zinc levels, which were applied to transformed cancerous cell lines and the profusion of 
contradictory studies concerning this matter, especially in invertebrates. Moreover, the 
induction of metallothioneins by environmentally relevant zinc concentrations in bivalves 
was not achieved (Bourdineaud et al., 2006). These observations could also point to a 
vertebrate-specific mechanism. 
 Because other transition metals than zinc inhibit the binding of MTF-1 to MREs (Bittel 
et al., 1998), the zinc sensor model cannot explain the MTF-1 based induction of 
metallothioneins by these metals (such as cadmium). Zinc is thus required for DNA 
binding in the MTF-1 zinc fingers, but additional modifications at certain amino acids are 
required for the transcriptional activation. The post-translational phosphorylation of MTF-
1 (LaRochelle et al., 2001) or several cofactors (Jiang et al., 2004) or dephosphorylation of 
MTF-1 (Adams et al., 2002; Saydam et al., 2002) at specific amino acid residues has been 
reported to regulate the transcriptional activation by MTF-1. The binding of the Nrf2 
transcription factor to the ARE is also regulated by the phosphorylation state of Nrf2 itself 
and of its inhibitor Keap, often associated with other bZip proteins (Nguyen et al., 2003) 
and proteins binding to MREs (Dalton et al., 1994). In addition the mammalian MT-1 
promoter is also regulated at the epigenetic level (DNA methylation and associated 
proteins) (Majumder et al., 2006). 
 In Drosophila the metallothioneins are better induced by cadmium and copper than by 
zinc, unlike in the mammalian situation. The MTF-1 of Drosophila also contains six zinc 
fingers, but it is different from the vertebrate by the absence of the activation domains and 
its DNA binding at low pH (6.0-6.5). It only works as a zinc sensor when expressed in 
mammalian cells, not in fly cells (except at elevated zinc concentrations of 2mM) and its 
expression is restricted to the gut and the fat body (Zhang et al., 2001). MTF-1 plays a 
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central role in copper homeostasis, because an MTF-1 knock-out strain is sensitive to 
copper load and depletion (Egli et al., 2003), which suggests that it also regulates other 
members of the copper homeostatic system. The promoters of the MtnA, MtnB, MtnC and 
MtnD contain 2, 4, 4 and 4 MRE elements respectively. Moreover MtnC has an MRE in its 
coding sequence and MtnD has two MREs in the 3’-region (Egli et al., 2003). Furthermore, 
it was shown that the tissue-specific expression of the four Mtn genes, namely in the 
midgut, is a consequence of the distribution of metals (Egli et al., 2006b), instead of a 
transcriptional regulation via tissue specific elements in the promoter, although a study by 
Bonneton et al. (1996) did reveal MtnA promoter activity in the fat body, in contrast to the 
MtnB promoter. Metal-specific induction of MtnA and MtnB  by respectively copper and 
cadmium has been attributed to their promoter sequences (Egli et al., 2006a). These studies 
show that in D. melanogaster metal-specific metallothioneins have evolved, which require 
the MTF-1 for their transcriptional regulation.  
 The two metallothioneins of C. elegans exhibit life stage and tissue specific expression 
patterns, due to polymorphisms in their respective promoter sequences (Swain et al., 2004). 
Only the mtl2 promoter contains one consensus MRE sequence. It was presumed that this 
is not functional because of the need of cooperative mechanisms for MRE binding proteins 
(Freedman et al., 1993). No open reading frame of an MTF-1 homologue could be retrieved 
in the fully sequenced C. elegans genome. The intestinal specificity of the expression of mtl1 
and mtl2 depends on GATA elements, which recruit the intestinal specific transcription 
factor Elt-2 (Moilanen et al., 1999), whereas the position of the respective expression is 
suggested to be determined by the presence of the CRE (cAMP responsive element) and 
the steroid receptor binding site (Freedman et al., 1993). Tissue specificity of 
metallothionein expression in C. elegans is achieved by intestine specific transcription 
factors. The function of the single MRE is still elusive because of the absence of the MTF-1 
gene in the C. elegans genome. 
 The earthworm L. rubellus metallothionein promoters at the wmt2a, wmt2b and wmt2c 
loci do contain three consensus MREs in the proximal promoter (Stürzenbaum et al., 2004), 
however no MTF-1 could be identified in this species. Because an earthworm 
metallothionein promoter gfp-construct (wmt2 promoter), containing three consensus 
MREs, was cadmium-inducible in C. elegans, it was hypothesized that the regulation of 
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metallothioneins in lower invertebrates is completely different from the situation in 
vertebrates and Drosophila and does not rely on MTF-1 (Swain et al., 2004).  
 The transcriptional regulation of metallothioneins has also been studied in two species 
of sea urchin, Lytechinus pictus and Strongylocentrotus purpuratus, but mainly in the 
framework of developmental biology. In S. purpuratus six to seven metallothioneins were 
discovered and the genomic settings of two of them were characterised in detail. Both 
SpmtA and SpmtB did contain two consensus MREs in their respective proximal 
promoters. However SpmtA did also exhibit two intronic MREs. The SpmtA mRNA levels 
are an order of magnitude higher than the SpmtB levels, zinc inducible, and 
complementary tissue specific expression patterns were observed in pluteus larvae 
(Nemer et al., 1991). The MREs of the SpmtA gene seem to co-operate, involving also 
promoter-intron interactions, which determine cadmium inducibility. Tissue specificity is 
achieved by a mobile cassette of transposable P-elements in the intron (Bai et al., 1993; 
Nemer et al., 1995). The situation in L. pictus is different, at least three metallothioneins 
were isolated (Cserjesi et al., 1992) of which the Lpmt1 promoter was functional in a human 
cell line, but the human MT(II) promoter was not active when injected in sea-urchin 
embryos, suggesting that an essential sea-urchin specific cis-acting element was lacking. 
No tissue specific expression of two metallothioneins (Lpmt1  an Lpmt2) was observed in 
this species, but they were cadmium inducible (Cserjesi et al., 1997).  
 In general we can conclude that the regulation of metallothionein expression in 
invertebrates is as divergent, as the invertebrate phyla themselves, and hardly understood. 
Some general themes about metallothioneins in invertebrates emerge from the literature;  
1) MTF-1 is present in some but not all invertebrate groups,  
2) MREs are usually present, but their function is not clear in many cases,  
3) metallothioneins have a tissue-specific expression, determined by the presence of 
metals or tissue specific transcription factors,  
4) often several isoforms (whether in the sense of paralogues or differential splicing 
products) have been isolated, and  
5) most evidence exists on Cd and Cu binding and induction in invertebrates. 
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Heavy metal tolerance and genetic adaptation 
 
Physiological adaptation is a form of phenotypic plasticity, by which an organism can 
adjust its metabolism in an acute response in order to cope with the altered environmental 
conditions, e.g. environmental stress, such as heavy metal toxicity. Genetic adaptation is 
an evolutionary mechanism which acts over several generations, by which better adapted 
(i.e. increased constitutive or an appropriate plastic response towards adverse 
environmental conditions) genotypes have a higher fitness, and hence increased 
abundance, in the respective population. Both mechanisms are genetically determined, but 
only the latter creates a shift in population composition based on the available genetic 
variation. Genetic adaptation is proven by comparing the response of lab-reared F1 
generations of the putative adapted and reference populations. Posthuma and van 
Straalen (1993) and Klerks and Weis (1987) provide reviews about terrestrial and aquatic 
examples respectively, of tolerance to heavy metals in invertebrate species. Studies 
published since these reviews are listed in Table 1. 
 From these studies it is clear that in many populations, subject to sufficiently strong 
selection by heavy metal contamination, such as mine ores or industrial emissions, 
genetically determined heavy metal tolerance could emerge. 
Some studies report about the evolution of heavy metal tolerance in lab selected 
populations (Spurgeon, Hopkin, 2000; Vidal, Horne, 2003). These studies prove that it may 
take only a small number of laboratory generations to exert selection, if the appropriate 
genetic variation is already present in the genome. 
 A recent review concerning the micro-evolution of heavy-metal tolerance in 
invertebrates (Morgan et al., 2007) emphasized the importance of an integrative view, and 
suggested to look further than a single detoxification mechanism (e.g. metallothionein). 
Also it was urged to look further into RNAi, stress granules and epigenetic mechanisms, 
as possible regulators of ecologically relevant transcriptional regulation, because evidence 
for the importance of these processes is growing. Recent suggestions to this approach do 
include the use of genomic tools (such as transcriptional profiling), which can be used in 
ecotoxicological risks assessment and to elucidate evolutionary adaptations (Neumann, 
Galvez, 2002; van Straalen, Roelofs, 2006). 
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Table 1: Invertebrate species exhibiting genetically based heavy metal tolerance in 
laboratory reared offspring from field populations, an overview since the reviews by 
(Klerks, Weis, 1987) and (Posthuma, van Straalen, 1993).  
 
Species Metal Evidence and reference 
Drosophila melanogaster 
and other Drosophila 
species (Diptera) 
Cu, Cd Duplication of Mtn gene confers resistance (Maroni et 
al., 1995; Maroni et al., 1987) 
Orchesella cincta 
(Collembola) 
Cd Sutained growth and survival in F1 population 
exposed to Cd, elevated Cd excretion through 
intestinal exfoliation (Posthuma, 1990; Posthuma et al., 
1992; Timmermans et al., 2005a; van Straalen et al., 
1987) 
Porcellio scaber 
(Isopoda) 
Cd Sustained growth of F1 under high Cd exposure; 
decreased growth in the absence of Cd (Donker, 
Bogert, 1991) 
Limnodrilus 
hoffmeisterii 
(Oligochaeta) 
Cd, 
Co, Ni 
Sustained growth of F1 population exposed to polluted 
sediment (Klerks, Levinton, 1989; Martinez, Levinton, 
1996) 
Isotoma notabilis 
(Collembola) 
Cu, Zn Growth and reproduction of F1 populations less 
affected by metals (Tranvik et al., 1993) 
Onychiurus armata 
(Collembola) 
Cu, Zn Growth and reproduction of F1 populations less 
affected by metals (Tranvik et al., 1993) 
Chironomus riparius 
(Diptera) 
Cd Altered life histories, increased Cd excretion, sustained 
growth under Cd exposure, Zn deficiency of F1 
populations from contaminated site (Groenendijk et al., 
1999a; Groenendijk et al., 1999b; Postma et al., 1996) 
Biomphalaria glabrata 
(Gastropoda) 
Cd Cd tolerance is reflected as a cost to parasite infection 
(Salice, Roesijadi, 2002) 
Bugula neritina  
(Bryozoa) 
Cu Increased growth in the presence of high Cu 
concentrations and decreased growth in the absence of 
Cu, relative to reference population. (Piola, Johnston, 
2006) 
 
 
The Orchesella cincta cadmium tolerance case study 
 
Orchesella cincta is a common species of Collembola inhabiting the litter layer of forests and 
wood stands, with a preference for disturbed habitats, were its abundance can reach up to 
thousands of individuals per square meter (Berg, 2007; van Straalen, 1989).   
 The taxonomic position of Collembola within the Pancrustacea is still under debate 
(Carapelli et al., 2006), especially the paraphyly of hexapods (Nardi et al., 2003). Recent 
extensive analysis of arthropod ribosomal (Timmermans et al., 2008) and rRNA genes 
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(Mallat, Giribet, 2006) confirmed monophyly of the hexapod body plan. They diverged 
from the Ectognatha about 400 million years ago, according to the oldest collembolan 
fossil Rhyniella praecursor (Whalley, Jarzembowski, 1981). 
 A phylogeographical subdivision was observed in European populations of O. cincta 
based on differences in AFLP patterns and mitochondrial DNA sequences, dating back to 
the quaternary glaciations (Timmermans et al., 2005b). In a small geographical area, 
restricted to the Netherlands and surrounding areas, only limited population 
substructures based on allozyme polymorphisms (Frati et al., 1992), TE-AFLP patterns 
(van der Wurff et al., 2003) and micro-satellite polymorphisms (van der Wurff et al., 2005) 
could be detected. Limited evidence for population differentiation was found in heavy 
metal tolerant populations (Frati et al., 1992; van der Wurff et al., 2005) but neither 
reproductive isolation, nor recent bottlenecks were observed in these populations, 
suggesting that due to the moderately high gene flow the heavy metal pollution only has a 
limited effect on the genetic diversity in this species (Timmermans, 2005c). 
 Due to their continuous growth, as ametabolous arthropods, springtails must regularly 
moult. This weekly moulting process includes exfoliation of the intestinal epithelium as a 
so-called gut pellet. It was by analyzing these gut pellets in O. cincta that the major way of 
heavy metal excretion was discovered (Joosse, Buker, 1979). Meanwhile, the springtail O. 
cincta has been the subject of heavy metal research for more than two decades (van 
Straalen, Roelofs, 2005).  
 Avoidance behaviour by Collembola to heavy metals has been suggested but not 
extensively documented (Filser et al., 2000; Fountain, Hopkin, 2001; Gillet, Ponge, 2003; 
Rantalainen et al., 2006), and especially not in O. cincta. It is known to what extent this 
behaviour may contribute to tolerance mechanisms. Timmermans (2005c) observed no 
avoidance of this species towards Cd contents up to 500 µg/g dry weight in their diet 
(algae). 
 Evidence for genetically determined heavy metal tolerance in populations from 
historically contaminated sites, revealed as a less outspoken reduction in growth during 
cadmium exposure (Posthuma, 1990), increased survival of populations from these 
contaminated sites upon cadmium exposure at 200 µg Cd/g algae (Sterenborg, 2003a) and 
500 µg Cd/ g dry weight algae (Timmermans et al., 2005a), was found as elevated mean 
excretion efficiencies (lead and cadmium) (Posthuma et al., 1992; van Straalen et al., 1987). 
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This means that a larger fraction of the heavy metal body burden is retained in the gut 
epithelium. In between two moults about 90% of the cadmium body burden was retrieved 
in the gut tissue (Hensbergen et al., 2000). When compared to the approximately 35% of 
excretion efficiency by way of the gut pellet (Posthuma et al., 1992), this means that a large 
fraction has to be resorbed in the body. Sterenborg (2003a) suggested that the resorbed 
cadmium is inducing the metallothionein during next moulting cycle.  
 Heavy metals in springtails are suggested to be compartmentalized from the cytoplasm 
into calcium and phosphate rich electron-dense lysosomal granules (Hopkin, 1997; 
Humbert, 1978; van Straalen et al., 1987). In the springtail Tetrodontophora bielanensis 
exposure to cadmium, lead and zinc led to a number of  major cellular rearrangements, 
especially the increase of the number of these electron-dense type-A granules, which 
contained a large fraction of the cellular heavy metals (Pawert et al., 1996). The type B 
granules, which are sulphur and organic matter rich and supposed to be associated with 
the metallothionein detoxification system, have not been observed in Collembola yet 
(Kohler, 2002). Heritability of cadmium excretion efficiency was only proven in a reference 
population (midparent and halfsib analyses) and not in a tolerant population, suggesting a 
reduction in additive genetic variation in the latter population due to directional selection 
(Posthuma et al., 1993). Growth reduction upon Cd exposure and Cd excretion efficiency 
were inversely related (Posthuma et al., 1992), which could somehow point on a certain 
fitness advantage of increased excretion efficiency in tolerant populations.  
 Later, a 7,1 kDa cadmium binding protein was isolated, which was characterized as a 
metallothionein (Hensbergen et al., 1999). It contains 77 amino acids, has two cysteine 
clusters (9 and 10 cysteines respectively), and there is some evidence that it is post-
translationally cleaved in vivo at two threonine-glutamine sequences of which one is 
situated at the linker region, in between both clusters (Hensbergen et al., 2001).  This 
metallothionein is inducible by cadmium, binds 7 to 8 Cd atoms and is almost exclusively 
expressed in the midgut tissues (Hensbergen et al., 2000). Unlike other metallothioneins, 
the O. cincta mt does not bind zinc (Sterenborg et al., 2003b). The existence of a cadmium-
binding and inducible protein in Orchesella cincta suggested that it is involved in the 
tolerance to cadmium described before. The question remains what is the contribution of 
this metallothionein to genetic adaptation, revealed by Posthuma et al. (1992)? Following 
sequencing and Southern analysis, this metallothionein was shown to be a single copy 
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gene containing a single 99 bp intron, and following Northern analysis and semi-
quantitative PCR an increased Cd inducibility was revealed in a tolerant population 
(Sterenborg, Roelofs, 2003). However, by real-time quantitative PCR an increased 
constitutive mt mRNA level was measured in lab reared populations from polluted sites, 
which even correlated with the amount of cadmium in the soil of origin (Timmermans et 
al., 2005a). Additive genetic variation was shown in the Cd induced mt mRNA levels from 
a reference population, which means there is a scope for natural selection (Roelofs et al., 
2006). As a result from these data it was apparent that the micro-evolution of cadmium 
tolerance had to be sought in the transcriptional regulation of metallothionein.  
 A field survey of 15 populations revealed eight alleles in the coding region of the O. 
cincta mt and an increase in genetic diversity at this locus in heavy metal-stressed 
populations in comparison to reference populations (Timmermans et al., 2007a). Moreover, 
the five observed amino acid substitutions did not bear a sign of selection.  Therefore the 
authors suggested that selection may be directed on linked regulatory loci, such as the 
promoter. Differential transcriptional regulation of other genes than metallothionein was 
reported to play a role in heavy metal tolerance in O. cincta. These genes, involved in cell 
signalling, cellular trafficking and apoptosis, exhibited a population specific response 
upon Cd exposure (Roelofs et al., 2007). 
 
Outline of the thesis 
 
The major hypothesis tested in this thesis is whether transcriptional regulation contributes 
to the micro-evolution of heavy metal tolerance in certain populations of O. cincta. Because 
of the extensive organismal evidence from previous research in this case study the 
approach in this thesis is accentuated at the molecular level. An emphasis is put on 
unravelling of variation in transcription levels of the cadmium-binding metallothionein in 
populations from reference and heavy metal-contaminated locations. 
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Chapter 2. Recombinational micro-evolution of functionally different metallothionein 
promoter alleles from Orchesella cincta 
 
In this chapter a descriptive study of the genomic location upstream of the metallothionein 
gene, the pmt locus, was combined with genealogical and recombination analysis. Nine 
different alleles were discovered in populations from north-western Europe. They were 
screened for consensus binding sites for transcription factors involved in the 
transcriptional regulation of metallothioneins in a wide set of taxa. Also, the mutational 
spectrum of nucleotide polymorphisms at this locus was screened for signatures of natural 
selection. In order to analyze these alleles in a functional manner a luciferase construct of 
six abundant pmt alleles was made and tested for responsiveness to cadmium, paraquat 
(oxidative stress) and 20-E (20-hydroxyecdysone, an arthropod moulting hormone) in a 
clonal background, the Drosophila S2 cell line. The differences in dose-response profiles of 
several alleles for these three compounds are compared and the possible cis-regulatory 
evolution of metallothionein in O. cincta is evaluated. Putative mechanisms of the 
transcriptional regulation at this locus are discussed.  
 
Chapter 3. Comparative population analysis of metallothionein promoter alleles 
suggests stress-induced micro-evolution in the field 
 
Following the evidence from the previous chapter for functional polymorphisms at the 
pmt locus, the pmt locus of 23 O. cincta populations from soils with a wide range of heavy 
metal content was genotyped with an RFLP method. Relationships between allele 
frequencies, genetic diversity and heavy metal contamination were made. The data from 
this chapter confirm that selective forces act on the pmt locus in natural field populations, 
implying that cis-regulatory evolution plays a certain role in the adaptation to elevated 
heavy metal levels at some field sites. 
 
 Introduction 
 
 
25
Chapter 4. Metallothionein induction profiles in pmt-homozygous families 
 
In this chapter the contribution of cis- and trans-regulatory evolution to the population-
specific variation in metallothionein expression in O. cincta was investigated. From 
previous chapters the role of the (epi-)genetic background was unknown. 
In a 3-way factorial design the basal and cadmium-induced metallothionein mRNA levels 
were compared between lab-reared pmt homozygous families with a genetic background 
from reference and cadmium-tolerant populations. The interaction between cadmium 
exposure and population specific genetic background, with its characteristic but hitherto 
unknown mechanisms of trans-regulatory variation or epi-genetic features, were the 
dominant factors affecting the metallothionein mRNA levels in vivo. 
 
Chapter 5. Yeast one-hybrid screen on elements from the Orchesella cincta 
metallothionein promoter 
 
Genes encoding potential transcription factors were isolated from a cDNA library by using 
the yeast one-hybrid technique. This technique is performed in a yeast strain and selects 
clones from an expressed cDNA library by interactions with binding sites on the bait 
plasmid. Positive interactions and the presence of both plasmids complement the 
auxotrophic yeast strain’s diet and are exhibit as colonies on a nutritionally selective 
medium. Subsequently, the cDNA plasmids were rescued from yeast on the insert was 
sequenced.  
 
Chapter 6. Adaptive differences in gene expression associated with stress tolerance in 
the soil arthropod Orchesella cincta 
 
In this chapter the transcription of approximately 1900 genes was compared between a 
population from a reference site and a severely heavy metal contaminated site 
simultaneously in a spotted cDNA microarray approach. Analysis of variance revealed 
genes that have a population specific expression profile, and interact with cadmium 
exposure. The transcription profiles in the tolerant population were less perturbed by the 
exposure to cadmium compared to the reference population. Although no data about the 
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nature of the regulatory polymorphisms were obtained, the data in this chapter confirmed 
the importance of transcriptional processes in the micro-evolution of the cadmium tolerant 
phenotype and possible other cadmium defence mechanisms in O. cincta emerged from 
this chapter. 
 
Chapter 7. General discussion 
 
Finally, the data of all the preceding chapters are summarized, integrated and discussed in 
this chapter. Also, suggestions for forthcoming research are made. 
 
Appendix. Flow-cytometric determination of the Orchesella cincta genome size 
 
Prior to the preparation of a genomic library (unpublished results) the genome size of the 
non-model organism O. cincta was measured, relative to rainbow trout (Onchorhynchus 
mykiss) erythrocytes. This allowed us to estimate if the size of the library was sufficient to 
cover the entire genome. 
 
 
 
 
 
 
 
27 
Chapter 2 
 
Recombinational micro-evolution of functionally different metallothionein 
promoter alleles from Orchesella cincta 
 
Thierry K.S. Janssens1, Janine Mariën1, Peter Cenijn2, Juliette Legler2, Nico M van 
Straalen1 and Dick Roelofs1 
BMC Evolutionary Biology (2007), 7:88 
 
1 Vrije Universiteit, Institute of Ecological Sciences, Department of Animal Ecology, De 
Boelelaan 1085, 1081 HV Amsterdam, the Netherlands  
2 Vrije Universiteit Amsterdam, Institute for Environmental Studies (IVM), de Boelelaan 
1085, 1081 HV Amsterdam, the Netherlands 
 
 
ABSTRACT 
 
Background: Metallothionein (mt) transcription is elevated in heavy metal tolerant field 
populations of Orchesella cincta (Collembola). This suggests that natural selection acts on 
transcriptional regulation of mt in springtails at sites where cadmium (Cd) levels in soil 
reach toxic values. This study investigates the nature and the evolutionary origin of 
polymorphisms in the metallothionein promoter (pmt) and their functional significance for 
mt expression. 
  
Results: We sequenced approximately 1600 bp upstream the mt coding region by genome 
walking. Nine pmt alleles were discovered in NW-European populations. They differ in 
the number of some indels, consensus transcription factor binding sites and core promoter 
elements. Extensive recombination events between some of the alleles can be inferred from 
the alignment. A deviation from neutral expectations was detected in a cadmium tolerant 
population, pointing towards balancing selection on some promoter stretches. Luciferase 
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constructs were made from the most abundant alleles, and responses to Cd, paraquat 
(oxidative stress inducer) and moulting hormone were studied in cell lines. By using 
paraquat we were able to dissect the effect of oxidative stress from the Cd specific effect, 
and extensive differences in mt induction levels between these two stressors were 
observed. 
 
Conclusion: The pmt alleles evolved by a number of recombination events, and exhibited 
differential inducibilities by Cd, paraquat and molting hormone. In a tolerant population 
from a metal contaminated site, promoter allele frequencies differed significantly from a 
reference site and nucleotide polymorphisms in some promoter stretches deviated from 
neutral expectations, revealing a signature of balancing selection. Our results suggest that 
structural differences in the O. cincta metallothionein promoter alleles contribute to the 
metallothionein –overexpresser phenotype in cadmium tolerant populations. 
 
Background: Transcriptional regulation plays an important role in the evolution of many 
phenotypes, especially when the phenotype correlates with expression level of a particular 
key gene. Transcriptional regulation is mostly controlled at the level of transcriptional 
initiation, i.e. the recruitment of transcription factors which determine the stability of the 
RNA polymerase II holoenzyme complex and hence the frequency of transcription 
initiation. Due to the modularity of transcription factor binding site clusters and the lack of 
reading frame constraint, promoters are more evolvable than coding regions (Arnosti, 
2003; Wray et al., 2003). A few point mutations in a cis-regulatory region can already confer 
functionally different phenotypes, even when the pattern does not deviate from neutral 
expectations (de Meaux et al., 2005; Schulte, 2001). Some examples of variation in 
regulatory loci conferring adaptive phenotypes are: the LdhB promoter of Fundulus 
heteroclitus (Crawford et al., 1999; Schulte, 2001; Schulte et al., 2000; Schulte et al., 1997), the 
hsp70Ba promoter of Drosophila melanogaster (Lerman et al., 2003; Michalak et al., 2001) 
the chalcone synthase promoter of Arabidopsis thaliana (de Meaux et al., 2005) and the 
Cyp6g1 promoter of Drosophila melanogaster (Daborn et al., 2002). In this paper we focus on 
transcriptional regulation of the Orchesella cincta metallothionein gene (mt), which is 
assumed to be involved in heavy metal tolerance. 
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Metallothioneins are low molecular weight metal-binding proteins with a high content of 
conserved cysteines within certain phylogenetic lineages and a lack of aromatic amino 
acids and histidine (Coyle et al., 2002; Dallinger, 1996), although some invertebrate 
metallothioneins deviate from this pattern (Freedman et al., 1993; Imagawa et al., 1990; 
Stürzenbaum et al., 1998). Metallothioneins are involved in essential metal homeostasis, 
metal detoxification, free radical scavenging, cell proliferation and apoptosis processes 
(Miles et al., 2000). They are induced by several chemical and physical stresses (Kägi, 
1991), including free metal ions, altered redox status, oxidative stress and heat shock. The 
O. metallothionein (MT) (Hensbergen et al., 1999) has a molecular weight of 7 kDa and 
consists of 77 amino acids. Almost all of the body burden of Cd is located in the gut 
epithelium and a major part of it is bound to MT (Hensbergen et al., 2000; Sterenborg et al., 
2003b). It is suggested that the excretion of Cd from the animal occurs by a molting cycle 
regulated apoptotic process, by which the Cd-loaded midgut epithelium is shed 
(Posthuma et al., 1993; Posthuma et al., 1992). Higher constitutive (Timmermans et al., 
2005a) and cadmium inducible (Sterenborg, Roelofs, 2003) mt mRNA levels have been 
observed in populations from heavy metal contaminated sites, compared to populations 
from reference sites. Parent-offspring comparisons showed that Cd-induced expression of 
mt (h2 = 0.48) is a heritable trait. Differences between expression level classes were linked 
to RFLP patterns of the pmt locus (Roelofs et al., 2006). Although certain alleles of the mt 
coding sequence are linked to heavy metal pollution of the soil (Timmermans et al., 2007a), 
it is rather unlikely that heavy metal tolerance can be attributed to a single gene (Morgan 
et al., 2007; Roelofs et al., 2007). 
 Inherited heavy metal tolerance has been associated with duplication events (Maroni et 
al., 1987) and polymorphisms in the metallothionein coding sequence (Tanguy et al., 2002; 
Timmermans et al., 2007a). The regulation of MT biosynthesis is mainly transcriptional and 
depends for the most part on cis-acting regulatory elements, such as the metal responsive 
element (MRE) which binds metal responsive transcription factor-1 (MTF-1), a Zn-finger 
protein, and the anti-oxidant responsive element (ARE) which recruits the nuclear 
erythroid derived related factor-2 (Nrf-2), a protein of the b-zip leucine zipper family (Haq 
et al., 2003; Miles et al., 2000). However, this situation can not be generalized for all 
invertebrate phyla (Moilanen et al., 1999; Stürzenbaum et al., 2004). The induction of 
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metallothionein can be considered as a concerted action of general, metal-specific and 
oxidative stress specific transcription factors. 
 In the past decades several studies on metallothionein promoters of invertebrates have 
been performed (Bai et al., 1993; Boldrin et al., 2006; Bonneton et al., 1996; Bunch et al., 1988; 
Cserjesi et al., 1992; Otto et al., 1987; Schmitt-Wrede et al., 2004; Tanguy, Moraga, 2001; Yin 
et al., 2005), although most mechanistic studies have been done on vertebrate model 
organisms, as reviewed by Haq et al. (2003), Miles et al. (2000) and Samson and Gedamu 
(1998). One way to study the functionality of promoters is to fuse them to a quantitative 
reporter gene and analyze the induction in vitro in a host cell line. The comparison of 
allelic polymorphism in promoters by reporter assays has mainly been applied in medical 
biology, e.g. Fang et al. (2006) and Hoogendoorn et al. (2003). Only few studies in 
evolutionary ecology have compared alleles in this functional approach (Crawford et al., 
1999; Schulte et al., 2000; Schulte et al., 1997; Yuasa et al., 2005) and only one study 
compared the metal inducibility of metallothionein promoter alleles (Wu et al., 2000). 
 In the present study natural occurring allelic variation of the O. cincta metallothionein 
promoter (pmt locus) is described. Following discovery of extensive variation in promoter 
sequence we formulated the following research question: "Are the pmt alleles observed in 
natural populations differentially induced by Cd, paraquat and 20-hydroxyecdysone 
(molting hormone) and can their induction be related to their different architecture?" 
Luciferase constructs were made and tested in an arthropod cell line for dose-dependent 
inducibilities. Paraquat was included in the experiment, because it generates reactive 
oxygen species in the electron transport chain (Suntres, 2002) causing oxidative stress. This 
approach allowed us to discriminate between the effects of Cd and oxidative stress 
separately. Finally, we tested if the pmt allele frequency distribution, based on nucleotide 
diversity measures, deviated from neutrality in a tolerant and sensitive population. 
 
 
RESULTS 
 
General architecture of the pmt locus 
Nine different alleles were identified in an alignment of 32 approximately 1600 bp 
promoter sequences (see additional files 1, 2, 3, 4, 5, 6, 7, 8, 9, 10). The consensus sequences 
Recombinational micro-evolution and functional analysis  
 
 
31
of the respective alleles as well as the sequence of a congeneric species, used as an 
outgroup, were submitted to Genbank (DQ523588 to DQ523596, DQ641512, DQ523587 and 
EF106974). The general architecture of the nine promoter alleles is shown in Figure 1, 
which also indicates positions of putative core promoter elements and transcription factor 
binding sites (Cherbas, 1993; Haq et al., 2003; Luo et al., 1991; Matsukage et al., 1995; Miles 
et al., 2000). The number of the putative TFBS is summarized in Table 1 for each allele. The 
basal promoter consists of an initiator (Inr) consensus with an overlap of a 20- 
hydroxyecdysone responsive element (HERE). The pmtA allele contains two extra putative 
initiators. All the alleles, except pmtC, have a downstream promoter element (DPE) 
consensus downstream of their Inr. All pmt alleles contain MREs, which are all orientated 
in the sense direction. The proximal promoter, about 300 bp 5' from the Inr, contains most 
of the MREs. The alleles pmtA1, pmtA2, pmtB, pmtD1, pmtD2 and pmtBAL have five MREs 
in this region, named MRE-a to MRE-e. A number of indels in this MRE-rich region make 
this region variable. The MRE-a was apparently lost from the pmtC allele by a 13 bp 
deletion. A 19 bp deletion 5' of the MRE-b, relative to pmtC, pmtD1, pmtD2 and pmtBAL, 
characterizes pmtA, pmtB, pmtE and pmtF. This deletion affects the spatial position of the 
MREs. The pmtC and pmtF alleles have a point mutation which disrupts the consensus 
MRE sequence of MRE-d and MRE-e respectively. The pmtD1 and pmtD2 alleles share a 
HERE between MRE-a and MRE-b, by one point mutation. An AP-1 binding site 
consensus was only retrieved in the sequence covered by the forward PCR primer D1-36F, 
and is not further discussed. This primer was developed after genome walking resulting in 
a clone that was apparently pmtA1. All alleles, except pmtC share a DNA replication-
related element (DRE) (Matsukage et al., 1995). 
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 A putative enhancer, ± 850 bp upstream from the Inr (when the 1269 bp insertion of 
pmtBAL is not taken into account), contains another MRE (MRE-f) and an anti-oxidant 
responsive element (ARE). Within this enhancer and towards the proximal promoter a 
number of HEREs and C/EBP (CCAAT enhancer binding protein binding site) binding 
sites are found scattered, which differ in number and position between the respective 
alleles. The 1269 bp indel in the pmtBAL allele is delineated at its edges (relative to the 
other alleles in the alignment) by two C/EBP binding sites. Furthermore this insertion 
contains 1 ARE, 3 HEREs and another C/EBP binding site. 
 
Similarities among pmt alleles and recombinant analyses 
The phi test for recombination in the Splitstree4 program (Huson, Bryant, 2006) found 
statistically significant evidence for recombination (p = 1.09 × 10-13). A bootstrap 
confidence network (Huson, Bryant, 2006; Huson, Kloepper, 2005) based on a split 
decomposition analysis was developed representing the inferred recombination events in 
the pmt locus (Figure 2). Split decomposition analysis addresses the problem of conflicting 
phylogenetic signals due to recombination which is not necessarily a branching or tree-like 
process. Parallel edges in the network represent evolutionary lineages of conflicting 
bifurcating trees. The parallel edges are presented in different colors in order to relate the 
events to results of the analysis below. The 1269 bp indel from the pmtBAL allele was 
omitted from these analyses. The evolution of the apparently ancestral alleles, pmtBAL, 
pmtC and pmtF, can be interpreted in a bifurcating pattern, whereas the more recent alleles 
pmtE, pmtD2, pmtD1, pmtB, pmtA2 and pmtA1 are consistent with a reticulate origin. The 
recombination analysis is presented in Figure 3. Data below a bootscan threshold of 70% 
were omitted from the graphs. Breakpoints with their respective p-values from the Recco 
analysis, are plotted in the same graphs as a matter of convenience. 
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Figure 1: Architecture of the nine respective Orchesella cincta metallothionein promoter 
alleles (pmt). The respective putative transcription factor binding sites are represented as 
in the legend. Indels are indicated with black triangles. MRE, metal responsive element; 
ARE, anti-oxidant responsive element; DRE, DNA replication-related element; HERE, 20-
hydroxyecdysone responsive element; Inr, initiator; DPE, downstream promoter element; 
C/EBP, CCAAT enhancer binding protein. The full sequence alignment is given in 
Additional File 10. 
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Figure 2: 95% confidence reticulate network of the eight described Orchesella cincta pmt 
alleles with the Orchesella villosa pmt clone as an out-group, following 1000 replicate 
bootstraps in Splitstree v4 (uncorrected p for nucleotide substitution, NeighborNet to 
calculate the distance and Reticulate to calculate the splits). The colored parallel edges 
refer to the colors in the recombination analysis. recombination analysis is presented in 
Figure 3. Data below a bootscan threshold of 70% were omitted from the graphs. 
Breakpoints with their respective p-values from the Recco analysis, are plotted in the same 
graphs as a matter of convenience. 
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 The pmtA1 and pmtA2 alleles consist of a ± 500 bp upstream block shared with pmtD1 
and a ± 400 bp block shared with pmtB confirmed by very high bootstrap values. In 
between a slight similarity with pmtE was found. Recco confirmed this bootscan analysis 
and found a recombination breakpoint between the two dominant blocks. Allele pmtB 
contains a ± 150 bp upstream block related to pmtC and the ± 400 bp downstream block 
shared with pmtA as mentioned before. Both regions had recombination breakpoints at 
their respective 3' and 5' edges. The central part of the pmtB allele shares limited similarity 
with pmtD2. The pmtC allele has the shared ± 150 bp block with pmtB and a block shared 
with pmtE at the outer 3' end of the locus (the second exon of the mt gene), both confirmed 
by the Recco method, although not visible in the reticulate network. In between the two 
blocks bootscan analysis identified similarity with pmtBAL. Numerous recombination 
breakpoints were detected in this region, suggesting that this allele contains a 
recombination hotspot. The pmtD1 situation is very clearcut. This allele contains the ± 500 
bp block shared with pmtA and a ± 400 bp 3' block shared with pmtD2, confirmed by the 
Recco method. Both regions have numerous putative recombination breakpoints at their 
edges. The pmtD2 allele shares a ± 500 bp upstream block with pmtE and the downstream 
block with pmtD1 mentioned before, confirmed by the Recco method. In between the 
respective blocks a smaller ± 100 bp block similar to pmtB, surrounded by recombination 
breakpoints, was found. The pmtF allele has a ± 100 bp upstream block shared with 
pmtBAL immediately followed by a very small block shared with pmtB. Only the former 
block was confirmed by Recco. The pmtBAL situation was rather contradictory, although 
some recombination breakpoints provided by Recco confirmed the bootscan similarity 
profile with pmtF. The limited similarity with pmtC was not supported by Recco. pmtE 
consists of the clear cut upstream ± 500 bp block shared with pmtD2 and the shared second 
exon with pmtC. On the other hand, the central part showed some above threshold 
similarity with pmtA1. Again numerous putative recombination breakpoints, at the edges 
of some shared blocks, were detected by Recco. 
 
The deep trenches in the respective recombined blocks represent conserved modules, e.g. 
the one at position ± 400 bp is the region containing the ARE and the distant MRE. 
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Functional analysis 
The functional significance of pmt variation was assessed by evaluating the effect of the 
different promoters on gene expression. Luciferase reporter assays of pGL3-pmt constructs 
were performed in Drosophila S2 cell line. No induction of the empty vector pGL3Basic 
neither the normalization vector pAc5.1/V5-His/lacZ was observed (data not shown), 
implying that the observed induction of the pGL3-pmt constructs are exclusively due to 
the interaction of the transcription factors from the host cells with the mt promoters in the 
luciferase constructs. As a positive control for ecdysone treatment the 20-E exposure was 
also performed on cells transfected with the construct pEcRhspluc (Poels et al., 2004), a 
highly 20-E inducible luciferase construct (results not shown). Indeed, a high induction 
level was observed, comparable to Poels et al. (2004).  
Basal luciferase expression data are presented in Figure 4. Highly significant differences in 
basal expression were detected between the luciferase constructs from the different alleles, 
following a One Way ANOVA test, with the Tukey HSD post-hoc test. The basal 
expression from the pmtCluc construct hardly deviated from the empty vector pGL3Basic 
(data not shown) and was an order of magnitude lower than the basal expression values of 
the other constructs. The pmtD1luc had a higher basal expression than the pmtA1, pmtF 
and the pmtC constructs. 
 The dose response graphs from the Cd, paraquat and 20-E exposures and their 
estimated parameters are given in Figures. 5, 6, 7 and 8, respectively (see Additional File 
11 for a numerical summary of the curve fit data). It appeared that all constructs were 
susceptible to Cd. The RLUmax estimates of pmtD2luc and pmtFluc Cd exposures did not 
differ and were the highest observed. Exposure of the other constructs to Cd resulted in 
significantly different RLUmax values. The pmtCluc constructs with the lowest RLUmax 
were the least inducible. The slope of pmtD2luc in the Cd exposure was steeper than 
pmtBluc and pmtFluc, implying an elevated inducibility. The most sensitive construct to 
induction by Cd, represented by the lowest EC50, was pmtA1luc. It differed significantly 
from the least sensitive constructs pmtBluc, pmtD2luc and pmtFluc. 
 
Chapter 2 
38 
 
Figure 3: Recombination analysis of Orchesella cincta metallothionein promoter alleles. 
Bootscanning analysis representing the percentage of permutated trees (left axis) that did 
coincide between the respective pmt alleles in a sliding window approach (200 bp width, 
20 bp step size, Kimura 2-parameter for nucleotide substitution) relative to the sequence 
position. Only the relationships which trespass the 70% threshold of the permutated trees 
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are presented. On the right axis the p-values of the respective breakpoints are indicated. 
The colours refer to the parallel edges in the reticulate network (Figure 2). 
 
 
 
Figure 4: Boxplot representing the log transformed basal expression RLU values. One Way 
ANOVA; F = 71.337 and p = 0.000. A Tukey post-hoc test revealed significance groups, 
represented by letters. 
 
 The pmtCluc construct did not show a significant Pearson correlation with paraquat 
concentration (p > 0.05) and no model fit was possible. No significant differences in the 
estimated parameters of the paraquat exposure were found in the responses of the 
inducible constructs. The 20-E exposure data revealed an inhibition of every construct. The 
estimated values for the parameters were abandoned, because of the wide associated 95% 
confidence intervals, therefore only the estimates for the RLUmin value are represented. It 
appeared that the pmtBluc construct was the least inhibited at the maximum exposure 
concentration of 0.1 mM 20-E, compared to the other constructs. 
 At the lower range of the 20-E exposure a slight induction was observed in all 
constructs. We tested the RLU estimated from the inducing concentration range relative to 
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the unexposed control in a One-Way ANOVA approach (see Table 2). The pmtBluc and 
pmtD2luc constructs were both significantly induced at respectively 0.1 nM and 1 nM 20-E 
exposure. 
 
Table 2: One Way ANOVA test comparing the measured RLU values for the response of 
luciferase constructs of Orchesella cincta metallothionein promoter alleles (pmt) at the 
control and at the putative inducing 20-hydroxyecdysone (20-E) concentration. F-ratios 
and p-values are given. 
 
Construct   (nM) F-ratio p-value 
pmtA1luc 0.1  0.121  0.739 
pmtBluc 0.1 10.320  0.009 
pmtCluc 1  1.783  0.211 
pmtD1luc 0.1  0.256  0.624 
pmtD2luc 1  7.812  0.019 
pmtFluc 0.01  4.598  0.058 
 
 
Allele frequencies in field populations 
The occurrence of the pmt alleles was assessed in O. cincta populations from a clean 
reference site (Roggebotzand) and a metal-polluted site (Plombières). These data are 
summarized in Table 3, together with information on soil metal concentrations and several 
indices of Cd tolerance in the two populations obtained from earlier work (Cd excretion, 
growth reduction and mt expression). The insert of the pmtBAL allele is omitted from this 
analysis. 
 
Pollution by heavy metals in the abandoned Pb-Zn mine of Plombières dates back to the 
Middle Ages and has proceeded until the beginning of the 20th century (Cappuyns et al., 
2006). This is reflected by the almost 200-fold higher total Cd content of this soil compared 
to the clean site in Roggebotzand. This latter site is located on reclaimed land, which fell 
dry in 1968. A G-test for differences of allele frequencies between both populations was 
highly significant (p < 0.001). The frequencies of pmtA1 and pmtA2 are relatively low in 
the population from the mining site Plombières, while the pmtC, pmtB and pmtD2 alleles 
are represented at higher frequencies compared to the situation in the reference 
Roggebotzand population. In addition, a higher nucleotide, haplotype and nucleotide 
diversity was observed in the Plombières population. When calculating the Tajima's D 
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test, no deviation from neutral expectations was observed. The Fu and Li's tests, on the 
other hand, did show a significant departure from neutrality in the Plombières population, 
both with and without taking the out-group into account (D and D* respectively). Positive 
values of D and D* suggest the presence of an excess of intermediate frequency variants in  
 
Table 3: Background information of the sampled populations Orchesella cincta populations 
and summary of the molecular evolutionary analysis in DnaSP. 
 
  Plombières Roggebotzand 
[Cd]tot soil (mg/kg) (Janssens et al., 
2008) 
 30.45 ± 14.82 0.17 ± 0.05 
Allele frequencies per population 
(%) (Janssens et al., 2008) 
pmtA1 32.9 47.0 
 pmtA2 7.6 15.7 
 pmtB 24.7 10.4 
 pmtC 11.4 2.2 
 pmtD1 10.1 13.4 
 pmtD2 8.9 1.5 
 pmtE 0.6 6.0 
 pmtF 1.9 2.9 
 pmtBAL 1.9 0.7 
 N 79 67 
Sample size (number of alleles)  158 (9) 134 (9) 
S (η)  201 (214) 201 (214) 
Hd  0.798 ± 0.017 0.726 ± 0.032 
Y  0.02634 ± 0.00159 0.01491 ± 0.00162 
Tajima’s D  0.17187, NS -1.3781, NS 
Fu and Li’s D  2.88149, p < 0.02** -0.75998, NS 
Fu and Li’s D*  2.77359, p < 0.02** -2.13596, NS 
Average constitutive mt 
expression. MNE relative to β-actin 
(Roelofs, unpublished) 
 0.52 ± 0.18 0.04 ± 0.00 
Induced (1 µmole Cd/ g dry 
weight food) mt expression. MNE 
relative to β-actin (Roelofs, 
unpublished) 
 2.63 ± 0.57 1.18 ± 0.66 
Mean Cd excretion efficiency per 
moult (Posthuma et al., 1993) 
 45% 38% 
Total cadmium (Cd) content of the soil; allele frequencies of the pmt alleles; S, total number 
deviations from neutrality, with positive D values, were detected in the region between 
the two C/EBP binding sites, upstream from the DRE and in the vicinity of the MRE-d and 
MRE-e.of variable (segregating) sites; η, total number of mutations; Hd, haplotype 
diversity ± SD; Y, nucleotide diversity per site ± SD; Tajima’s D, Fu and Li’s D and D*; 
MNE, mean normalized expression 
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the sample, which means that balancing selection is acting. When we calculated the Fu 
and Li's D in a sliding window approach, the promoter stretches on which balancing 
selection is taking place could be identified (see Figure 9). The spectrum of Fu and Li's D 
was aligned to a graph of the general architecture of the pmt locus. Non-significant, but 
negative D values were observed in the vicinity of the putative enhancer. This suggests 
that this stretch is under positive selection. Truly significant deviations from neutrality, 
with positive D values, were detected in the region between the two C/EBP binding sites, 
upstream from the DRE and in the vicinity of the MRE-d and MRE-e. 
 
 
DISCUSSION 
 
From our data we have very good evidence that allelic diversity at the pmt locus has 
evolved by extensive recombination events, although we do not have knowledge about 
the genetic mechanism, e.g. crossing-over or gene conversion. The patterns in the splits 
decomposition network could somehow be linked to the results of the recombination 
analysis. The most important recombination blocks, which became evident in the 
bootscanning and Recco methods, were visible in the network. Especially the more recent 
alleles, pmtA1, pmtB, pmtD1, pmtD2 and pmtE revealed clear-cut signals of recombination 
among each other. Recombination between the older alleles, pmtBAL, pmtF and pmtC, was 
not detected at all in the Recco and the Splitstree method. Reasons for this could be that 
the parental alleles were not sampled or that former recombination events could be hidden 
behind the mutational load. Because the Recco method takes the minimization of 
recombination and mutation costs into account, instead of the tree-like model in the 
bootscanning approach, it detects recombination false positives to a lesser extent (Maydt, 
Lengauer, 2006). The absence of reticulations in the edges of these alleles in the 95% 
confidence reticulate network points towards less conflicting bifurcations (Figure 2). These 
may be caused by the accumulation of mutations following past recombination events. 
 
The numerous recombination breakpoints at the pmt locus can be explained by the fact 
that transcriptionally active chromatin with recruited transcription factors is 
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hypersensitive to recombination initiation (Koren et al., 2002). Not transcription in se but 
the recruitment of recombination machinery by environmentally activated transcription 
factors following chromatin remodelling causes recombination events. For example, in 
fission yeast, phosphorylation by the stress-activated protein kinase from the MAPK 
pathway increases the affinity of the transcription factor ATF1/Pcr1 for a cAMP-
responsive element-like (CRE-like) DNA sequence and leads to chromatin remodeling 
(Mizuno et al., 2001). This process and the respective CRE-like sequence are also associated 
with a recombination hotspot in fission yeast (Fox et al., 2000). In every pmt allele two CRE 
core sequences, CGTCA (Smolik et al., 1992) were found. Because of the importance of the 
composition of the flanking sequences of the CRE core sequence and the large number of 
CREB proteins, these data are not further discussed, although it may be of importance for 
transcriptional regulation and initiation of recombination at the O. cincta pmt locus. 
 
The 1269 bp insertion in the pmtBAL allele, which does contain some relevant putative 
transcription factor binding sites, is suggested to be a possibly recombined or duplicated 
region from another promoter. Similar events, where promoter regions were swapped 
between loci, have been described before (Yuasa et al., 2005). 
 
The number of MREs in stress gene promoters in general (Lichtlen et al., 2001) and 
metallothionein promoters in particular varies extensively. The same applies to their 
sequence and their spatial context. However, three MREs (MRE-b, MRE-c and MRE-e) 
were conserved in sequence (TGCACAC) between O. cincta and the out-group species O. 
villosa. Previous studies revealed that the proximal MRE cluster in metal-responsive 
promoters is necessary (Ren et al., 2006) and MREs in the proximal promoter region need 
to work cooperatively for the full inductive capacity (Bai et al., 1993; Samson, Gedamu, 
1998; Scudiero et al., 2001). The most proximal MRE to the transcription start (MRE-a), has 
been shown to be most contributing to induction by Zn and Cd of the human hmt-IIA 
promoter (Koizumi et al., 1999) and cooperates with more upstream MREs for the 
complete heavy metal induction (Samson, Gedamu, 1995). 
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The induction by paraquat was several orders of magnitude lower than the induction by 
Cd, which possibly reflects that not all the MREs are involved. In a study by Samson et al. 
(2001) three different oxidative stressors elicited a twofold response of the rainbow trout 
MT-B promoter luciferase constructs, comparable to our study with paraquat. Beside the 
ARE and the MRE-a it was suggested that ARE half-sites (TGAC) are as well responsible 
for oxidative stress inducibility (Samson et al., 2001). 
 
The reporter assays show that the pmtC allele is hardly inducible by Cd and oxidative 
stress (Figure 5) and shows no basal transcription level above background (data not 
shown). This may be explained by the deletion of the MRE-a in this allele as follows. 
During exposure to Cd and paraquat, trans-activation in non-mammalian metallothionein  
 
 
  
Figure 5: Dose response relationships of the six luciferase constructs of Orchesella cincta 
metallothionein promoter alleles (pmt). On the Y-axis the β-galactosidase normalized 
relative luciferase units (RLU) are presented. On the X-axis the exposure concentrations of 
cadmium (Cd) are indicated. 
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Figure 6: Dose response relationships of the six luciferase constructs of Orchesella cincta 
metallothionein promoter alleles (pmt). On the Y-axis the β-galactosidase normalized 
relative luciferase units (RLU) are presented. On the X-axis the exposure concentrations of 
paraquat are indicated. 
 
 
promoters can occur by interaction of an enhancer (containing MREs and/or ARE) with 
the MRE-a and other proximal MREs  (Chen et al., 2004; Olsson, Kille, 1997; Olsson et al., 
1995; Samson, Gedamu, 1998; Samson et al., 2001; Scudiero et al., 2001). The induction of 
pmtC by Cd is low and completely abolished by paraquat possibly due to the incapability 
of trans-activation between the MRE-a (lacking in the C allele) and the distal enhancer, 
directly or in combination with CCAAT/enhancer binding proteins (Aniskovitch, Jacob, 
1997; Aniskovitch, Jacob, 1998). Binding sites for CCAAT/enhancer binding proteins were 
detected in all alleles of the pmt locus. Also, the MRE-a is often important in determining 
basal expression levels (Koizumi et al., 1999; Samson, Gedamu, 1995; Samson, Gedamu, 
1998; Samson et al., 2001) 
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 Deletion of MRE-a in pmtC can therefore explain the low basal expression of this allele. 
Finally the importance of MRE-a is reflected in the highly conserved core sequence: O. 
cincta MRE-a has the same core sequence as Onchorhynchus mykiss, Strongylocentrotus 
purpuratus and Drosophila metallothionein promoters. 
 There may be an alternative explanation for the very low basal expression levels of 
pmtC as well as low stress induction, related to the absence of DRE. The DRE (Matsukage 
et al., 1995) is an element found in DNA replication related genes, as well as in stress 
responsive genes (a.o. glutathione-S-transferase, catalase). This element coordinates the 
cell cycle specific expression of metallothionein. Since pmtC lacks this element (disruption 
of the consensus by a point mutation) it may contribute to the low inducibility and basal 
expression. 
We realize that we tested O. cincta derived promoters in a Drosophila genetic background. 
Thus, the observed levels may not reflect the levels in vivo due to absence of O. cincta  
 
 
Figure 7: Dose response relationships of the six luciferase constructs of Orchesella cincta 
metallothionein promoter alleles (pmt). On the Y-axis the β-galactosidase normalized 
relative luciferase units (RLU) are presented. On the X-axis the exposure concentrations of 
20-hydroxyecdysone (20-E) are indicated. 
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specific transcription factors or altered binding specificity of Drosophila transcription 
factors to O. cincta specific transcription factor binding sites. Reporter assays are 
sometimes unable to generate the tissue, temporal and species specific transcriptional 
regulation (Babiss et al., 1987; Bancroft et al., 1992; Clayton et al., 1985; Li, Liao, 1991). For 
instance, aberrant expression levels have been observed when expression levels of 12 
orthologous genes of human and chimpanzee were compared in cell lines from different 
human tissue origin (Heissig et al., 2005) when compared to their in vivo expression levels. 
In contrast with that, (Crawford et al., 1999) obtained consistent results using two 
unrelated fish cell lines (rainbow trout hepatoma cells and salmon cardiac cells) to study 
transcriptional activity of killifish lactate dehydrogenase-B promoters. 
 
The general pattern of 20-E exposure is the inhibition of the metallothionein promoter. 
This probably occurs because of the overlapping HERE and Inr. The moderate inducibility 
of pmtB and pmtD2, at respectively 0.1 and 1 nM 20-E, can not be explained 
straightforward, although pmtD2 has a larger number of HEREs (5+1, See Table 1). The 
spatial and sequence context could be the reason for their inducibility. In the firebrat 
Thermobia domestica 20-E equivalents peak to 5 µM during apolysis (Delapaz et al., 1983) 
falling back to the basal concentration of 80 nM, indicating that the order of magnitude of 
our exposure range was well within the physiologically relevant range. These data suggest 
that the metallothionein expression is switched off during ecdysone-induced apoptosis of 
the gut epithelium, when the onset of new cuticle formation is set. 
 Our small-scale population genetic comparison between populations from the clean 
site in Roggebotzand and the polluted one in Plombières reflected a positive sign of 
balancing selection at Plombières, because of the significant positive Fu and Li's D values, 
higher nucleotide diversity per site, and higher haplotype diversity in the latter 
population. A study by Timmermans et al. (2007a)  revealed selection on certain alleles of 
the O. cincta mt coding sequence by heavy metal content in the soil. However, no 
signatures of any selection were detected in the amino acid sequence (dn/ds, Fisher's exact 
test) or in the nucleotide composition (Tajima's D). The population at Plombières is  
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Figure 8: Response of luciferase constructs of Orchesella cincta metallothionein promoter 
alleles (pmt) to cadmium (Cd) and 20-hydroxyecdysone (20-E) A: RLUmax estimates (Cd), 
B: Slope estimates (Cd) ), C: EC50 estimates (Cd ), D: RLUmin (20-E). 
 
 
characterized by relatively high frequencies of pmtD2 and pmtB, which is in accordance 
with their greater inducibility compared to the most common pmtA1 allele. This suggests a 
fitness advantage to phenotypes with high metallothionein expression at polluted sites 
(Timmermans et al., 2005a). On the other hand, the Plombières population also has a 
relatively high frequency of the less responsive pmtC allele, This is consistent with the 
signature of balancing selection detected by Fu and Li's D values and can be understood if 
there are not only advantages in terms of metal tolerance but also fitness costs associated 
with high mt expression. Further work is necessary to elucidate the precise relationship 
between fitness and pmt genotype. 
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Figure 9: Sliding window analysis of the Fu and Li's D statistic on the reconstituted dataset 
of the Plombières Orchesella cincta population. A step size of 10 bp and a window length of 
100 bp were applied. Significant deviations from neutral expectations are represented with 
● and ● for p-values < 0.05 and 0.02 respectively. A cartoon of the general architecture of 
the pmt locus is provided with the putative transcription factor binding sites. 
 
 
CONCLUSION 
 
The Orchesella cincta metallothionein promoter contains a high degree of polymorphism, 
reflected in the different number and spacing of consensus transcription factor binding 
sites involved in relevant regulatory processes, such as heavy metal and oxidative stress 
induction and the regulation by the molting cycle. 
 
In general, the evolution of transcriptional regulation can occur by stabilizing selection by 
which erosive mutations in TFBS and the emergence of new ones are compensating each 
other. Evolution due to transcriptional regulation has been reported in macro-evolutionary 
processes, e.g. the even-skipped-2 enhancer of Drosophila species (Ludwig, 2002; Ludwig et 
al., 2000; Ludwig et al., 2005). Alternatively, micro-evolutionary processes rather occur by 
point mutations in (putative) TFBS (Crawford et al., 1999; de Meaux et al., 2005; Schulte et 
al., 2000). Here, we provide evidence of extensive recombination, reshuffling the 
Chapter 2 
50 
nucleotide variation of insertion, deletions and point mutations in the micro-evolution of a 
regulatory locus. 
 Since induction of metallothionein is suggested to be associated with a metal-tolerant 
phenotype (Roelofs et al., 2006; Sterenborg, Roelofs, 2003) the difference in inducibility 
between the pmt alleles provides a scope for natural selection in field populations. The 
deviations from neutral expectations in the cadmium tolerant population from Plombières 
support this suggestion. Future approaches will be the detection of DNA-binding activity 
of selected transcription factors, measure the in vivo transcription by real-time Q-PCR, and 
screen field populations for their respective pmt allele frequencies. 
 
 
MATERIAL AND METHODS 
 
DNA purification 
DNA of individual animals was purified by the SV genomic DNA purification system 
(Promega Corporation). The maxiprep used for the genome walking procedure was done 
by a modified CTAB extraction method (van der Wurff et al., 2000) on 100 adult 
individuals. 
 
Genome Walking and PCR 
Different aliquots of 10 µg of genomic DNA of Orchesella cincta (laboratory culture) and O. 
villosa (Belcaro, Italy) were digested overnight with 5 to 10 U different blunt cutting 
restriction enzymes, DraI, EcoRV, HincII, HpaI, ScaI, SmaI and StuI. These digests were 
cleaned up by phenol chloroform extraction, followed by ethanol precipitation and 
consequently ligated overnight at 4°C to the adapter originating from the hybridized 
adapters 1 and 1A (see Additional File 12). 
Based on the sequences resulting from the Universal fast walking method (Myrick, 
Gelbart, 2002) on the metallothionein promoter (Mariën and Roelofs, unpubl.), a nested 
reverse primer pair (R34 and R130, see Additional File , 12) in the proximal promoter was 
designed. A nested gradient PCR approach was conducted with above mentioned primers 
to each of the differentially digested aliquots. The same approach was done in two steps 
for the O. villosa promoter with respectively the primer pairs (Ovimt210R and Ovimt233R) 
(Spinsanti, unpubl.) and the resulting primer pair (Ovipmt and Ovipmtnested). 
Recombinational micro-evolution and functional analysis  
 
 
51
 
In the resulting sequences for O. cincta and O. villosa, the respective primers D1-36F and 
OvipmtfarF were developed on the 5' end. The metallothionein promoter was amplified by 
PCR (Tann = 55°C) with the primer combination D1-36F and MT-265R (Roelofs et al., 2006) 
and OvipmtfarF and Ovimt233R for O. cincta and O. villosa, respectively. The reverse 
primer hybridizes in the second exon of the mt gene, and consequently allows the 
alignment of the previously described O. cincta mt sequences (Timmermans et al., 2007a) to 
the resulting O. cincta pmt sequences. 
 
DNA-Sequencing 
32 pmt fragments, originating from various populations (see Additional File 13), with 
previously known proximal promoter SSCP genotype or with deviating RFLP patterns 
(Janssens, unpublished) were amplified with the D1-36F an MT265R primer pair. 
Resulting PCR fragments were ligated in the pGEM-T vector (Promega Corporation) and 
cloned in JM109 or XL1-Blue competent cells by respectively heat-shock or electroporation 
procedures. Plasmid purification was executed with the SV Minipep System (Promega 
Corporation). The clones were sequenced with Big Dye V 1.1 (ABI) on a ABI 3100 capillary 
sequencer, analyzed with Vector NTI Software 10.0.1 (Invitrogen) and aligned to the mt 
alleles previously described by Timmermans et al. (pers. comm.). The alignments served 
to make a consensus for every allele, and are provided as Additional Files 2, 3, 4, 5, 6, 7, 8, 
9. One single O. villosa pmt sequence (Zelzate, Belgium) was cloned and sequenced to 
serve as out-group in phylogenetic analysis. 
 
Transcription Factor Binding Site Analysis 
Because of the lack of functional studies on this promoter, the descriptive work of the 
observed sequence variation was restricted to the identification of consensus binding sites 
available in the literature by using the program Genepalette 1.2 (Rebeiz, 2004). The core 
promoter structure was analyzed by using consensus sequences from the literature 
(Cherbas, 1993; Rebeiz, 2004; Smale, Kadonaga, 2003). Consensus binding sites for 
transcription factors known from metallothionein induction (Haq et al., 2003; Miles et al., 
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2000), cell cycle regulated and stress genes (Matsukage et al., 1995) and molting cycle 
regulated transcription processes (Luo et al., 1991) were included in the analysis. 
 
Luciferase reporter assay 
From six of the O. cincta pmt alleles a luciferase reporter construct was made by PCR on 
the respective minipreps with the primers D136-FKpnI and MT-73RXhoI, containing 
restriction sites for these respective enzymes. The clones on which these luciferase reporter 
constructs were made are summarized in Additional File 13. The fragments were ligated 
in KpnI and XhoI double-digested pGL3Basic luciferase vector (Promega Corporation) and 
cloned in XL1-Blue by electroporation. As an internal control for transfection efficiency 
and number of cells, a β-galactosidase reporter plasmid with a constituve actin promoter 
of Drosophila melanogaster (pAc5.1/V5-His/lacZ (Invitrogen), was used. Purification of 
transfection grade and endotoxin-free plasmid was done with the Nucleobond PC 500 EF 
kit (Macherey-Nagel) 
 
Drosophila S2 cells (Gibco) were grown at 28°C in Schneiders Drosophila Medium (revised) 
(Gibco) containing 15% fetal calf serum (Gibco). On the first day cells were plated out in 96 
wells plates at approximately 25000 cells/150 µl and grown for 24 hours at 28°C. The 
second day every well was transfected using a calcium phosphate precipitation method 
(Sambrook et al., 1989) with 0,72 µg of DNA in 15 µl. The DNA used for transfection was a 
1/1 ratio of the respective luciferase constructs with the pAc5.1/V5-His/lacZ. Following 
overnight incubation the medium was removed and replaced by spiked exposure media. 
Exposure ranges for Cd, paraquat and 20-hydroxyecdysone (20-E) were 0–30 µM, 0–1800 
µM and 0–100 µM respectively. Every exposure was executed in six wells. The basal 
expression was measured in hexaplicate in four independent experiments. 
 
Thousand fold stock solutions of the respective exposure concentrations were filter 
sterilized (0.2 µm) and stored at 4°C. Cadmium and paraquat were dissolved in water 
whereas 20-E was dissolved in DMSO. The 20-E stock in DMSO was not filter sterilized. 
Schneider's Drosophila Medium (revised) (Gibco), containing 5% fetal calf serum (Gibco), 
was spiked with the respective stock solution to achieve the required final concentrations. 
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The exposure with Cd and 20-E was performed during 24 hours and the paraquat 
exposure was limited to 6 hours due to cytotoxicity. After the exposure period the cells 
were lysed in 100 µl lysis buffer containing (25 mM Tris, 2 mM dithiothreitol, 2 mM trans-
1,2-diaminocyclohexane-N,N,N9,N9-tetraacetic acid monohydrate, 10% glycerol, and 1% 
Triton® X-100 (Sigma-Aldrich, Steinheim, Germany) in demineralized water, pH 7.8 
overall buffer). 
 
A 50 µl aliquot was used to measure luciferase activity using 100 µl glowmix (20 mM 
tricine, 1.07 mM C4H2Mg5O14, 2.6 mM MgSO4, 0.1 mM ethylenediamine-N,N,N9,N9-
tetraacetic acid, 33.3 mM dithiothreitol, 0.27 mM coenzyme A, 0.46 mM luciferine, and 0.53 
mM adenosine-59-triphosphate in demineralized water), on a LucyII luminometer (Anthos 
Labtec instruments). Beta-galactosidase activity was measured in a 50 µl lysis aliquot, 
diluted in 100 µl lysis buffer and 90 µl of ONPG-mix. The ONPG mix consisted of 24 µl of 
10xZ buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl and 2 mM MgSO4), 66 µl 
water, 0.1 µl β-mercaptoethanol and 0.16 mg 2-nitrophenyl β-D-galactopyranoside 
(ONPG). The reactions were incubated during one hour at 28°C and subsequently the 
absorbance at 420 nm was measured on a Spectramax 340pc (Molecular Devices) 
spectrophotometer. 
 
Firstly, luciferase signals in each well were normalized with an internal luciferase 
standard, in order to standardize the readings between different plates. Secondly, the 
normalizations for the number of cells, and the transfection efficiency, were done by 
dividing the latter values by A420 values from the ONPG measurement. The basal 
expression values of the constructs and the pGL3Basic vector were measured in four 
replicate experiments, six wells per experiment. 
 
Data analysis 
DNA sequences were processed and aligned in Vector NTI version 10.0.1 (Invitrogen). 
Recombination events, which took place at this locus, make the construction of a 
bifurcating tree less relevant. Therefore, the Splitstree4 software (Huson, Bryant, 2006) was 
used to construct a reticulate network to represent evolutionary relationships between the 
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respective alleles. The assumptions under which the network was constructed are: 
uncorrected P for nucleotide substitution, NeighborNet to calculate the distances and the 
reticulate method to treat the splits. Gaps, constant and non-parsimonous positions were 
omitted from the analysis. Bootstrap analysis was performed on one thousand replicates 
and subsequently a 95% confidence network was constructed. 
 
Recombination sites were detected by using two methods. The first method we used relies 
on the bootscan method implemented in the program Simplot (Lole et al., 1999). It 
constructs replicate trees in a sliding window approach. The general accepted threshold 
level for the detection of a recombination is a clustering in 70% of the permutated trees in 
a certain window. Thousand replicate neighbor-joining trees were made by using the 
following parameters, window size 200 bp, step size 20 bp and the Kimura 2-parameter as 
a model to estimate nucleotide substitution. Alternatively, a non-phylogenetic method, 
applying dynamic programming that minimizes the mutation and recombination cost 
between sequences was used. This method is implemented in the software Recco (Maydt, 
Lengauer, 2006). The parameter α, representing the ratio of mutation cost to recombination 
cost was set to 0.2, the methods to calculate mutation and recombination costs were 
respectively Hamming and Delta Dirac. 
 
The population genetic data were achieved by RFLP analysis of the amplified pmt 
fragments by PCR (Janssens, unpublished). A reconstituted dataset was made by pasting 
the consensus for every allele the number of times it was observed in the sample, 
according to Timmermans et al. (2007a). These datasets were aligned with each other and 
an alignment with the out-group O. villosa pmt sequence was provided. Molecular 
diversity indices and deviations from the neutral theory (Tajima's D, Fu and Li's D and D*) 
were calculated using DnaSP v4.10 (Rozas et al., 2003). 
 The basal expression RLU data were log(x+1) transformed to approach normality of the 
data, a One-Way ANOVA with p < 0.05 was executed. The LSD post-hoc test was 
performed to discriminate significance groups. 
 Initial curve-fitting was done in Kaleidagraph v 3.5 for a rough estimate of the 
parameters, and the curve plotting. Fine tuning of the curve fitting was done in SPSS v 
12.0.1. 
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 The dose-responses of the Cd and paraquat exposures on the RLU of every construct 
were compared by estimating the RLUmax, EC50 and the slope by fitting a curve with the 
following formula, from which RLUmax by summing RLU0 (the average RLU at unexposed 
conditions) and RLUest. 
 
 
 
The 20-E exposure data were fitted with the following formula and RLUmin, slope and EC50 
were estimated. 
 
 
 
The RLU values from 20-E exposure concentrations at which a putative induction was 
observed were tested by a One Way ANOVA (p < 0.05) for induction. 
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Additional files 1-10 can be retrieved from http://www.biomedcentral.com/1471-
2148/7/88 
 
Additional file 11: Curve fit estimates of the luciferase reporter assay. Overview of the 
curve fit estimates for the exposure of every luciferase construct of Orchesella cincta 
metallothionein promoter alleles (pmt) to Cd, paraquat and 20-hydroxyecdysone (20-E). 
 
 Cd Paraquat 20-E 
 RLUmax Slope EC50 
(µM) 
RLUm
ax 
Slope EC50 
(µM) 
RLUmi
n 
Slope EC50 
(nM) 
pmtAluc 798 
(701-
881) 
2.0 
(1.4-
2.5) 
6.2 
(4.7-
7.8) 
9.9 
(9.1-
10.7) 
5.6 
(0.4- 
10.7) 
640 
(528-
752) 
2.0 
(1.2-
2.7) 
-9.0 
(bad 
estimate) 
10.3 
(bad 
estimate) 
pmtBluc 1283 
(1130-
1435) 
1.4 
(1.2-
1.5) 
11.1 
(8.6- 
13.6) 
13.3 
(10.0-
16.7) 
2.0  
(-0.1-
4.1) 
608 
(158-
1031) 
4.1 
(2.9-
5.3) 
-1.2 
(-2.6-0.1) 
15.0 
(-0.1-30.1) 
pmtCluc 64 (47-
81) 
1.8 
(1.0- 
2.5) 
9.7 
(5.1-
14.2) 
No fit No fit No fit 0.1 
(0.0-
0.2) 
-0.3 
(-0.5- -0.2) 
1000 
(-1490- 
3490) 
pmtD1luc 368 
(306- 
429) 
1.7 
(1.2-
2.2) 
7.3 
(4.8-
9.8) 
9.9 
(8.1-
11.8) 
1.5 
(0.6-
2.3) 
511 
(247-
774) 
1.3 
(0.2-
2.4) 
-0.5 
(-0.7- -0.3) 
23.9 
(-6.7- 54.5) 
pmtD2luc 2434 
(2220-
2647) 
2.22 
(1.8-
2.7)  
9.9 
(8.6-
11.1) 
28.5 
(-12.5-
69.4) 
1.3 
(0.2-
2.4) 
2059 
(-
3731-
7849) 
1.7 
(1.3-
2.2) 
-14.7 
(bad 
estimate) 
89.2 
(bad 
estimate) 
pmtFluc 3333 
(2151-
4516) 
1.2 
(1.0- 
1.5) 
22.1 
(9.0-
35.3) 
12.1 
(10.7-
13.5) 
2.7 
(0.4-
5.0) 
546 
(370-
723) 
2.3 
(1.7-
2.9) 
-7.8 
(bad 
estimate) 
77.2 
(bad 
estimate) 
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Additional File 12: Primer Table. In this table the name and sequence of the used primers 
are given 
 
Primer Sequence 
Adapter1 CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGG
T 
Adapter 1A ACCTGCCC 
Primer1 CTAATACGACTCACTATAGGGC 
Nested primer 
1 
TCGAGCGGCCGCCCGGGCAGGT 
R34 GCACACGGCACTTTGCACGCTC 
R130 AGTGCCGTGTGCATGCATGTATATG 
D1-36 FKpnI AAAAGGTACCGGCATTCTAGTTTGAGTCAGTCTACCGG 
MT-73RXhoI GGGGAAACTCGAGTCGTTAGAGAATTTGAAGAACTGCG 
D1-36 F GGCATTCTAGTTTGAGTCAGTCTACCGG 
MT265R CCTTGCAGACACAATCTGGACC 
F19 TTTGCACACGGCACTTTGC 
pmtFa GCCGCTTTGTACCTGCGATG 
pmtBALF CGCTGGTACCACTGGTACCGTCC 
pmtBALR GCCAAAATTCTGCTTCTGCTTACATCC 
pmtBALR2 CTTACTGTGCATCAAGTGCTGTTGTTCC 
Ovimt210R CTCCATCCTTGCAAACGC 
Ovimt233R TGGACCACAGCAAGTGC 
Ovipmt CGCTTCCTACAAATACAATCACCAATTC 
OvipmtF GAATTGGTGATTGTATTTGTAGGAAGCG 
OvipmtFa CCGATCCATGAAACTTTCTATAGGCG 
OvipmtfarF GGCGAACAAAATGAATTTCCAGACG 
OvipmtMF GATTCGATCGATGAGAATATTCCCGC 
OvipmtRnested CGCCTATAGAAAGTTTCATGGATCGG 
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Additional File 13: Sequence strategy Table. In this table the number and origin of the 
Orchesella cincta clones sequenced per allele are given. Overview of the clones sequenced 
to achieve the consensus sequence per allele. Clones from the same individual are located 
in the same field. C, Lab culture from Roggebotzand (NL) (clean forest on reclaimed land); 
P, Historical Pb and Zn mine, Plombières (B); S, Vicinity of non-ferro metal smelter, 
Stolberg (D); M, Beech forest, Makkegem (B); L, Vicinity of former non-ferro metal smelter, 
Lommel (B); B, Vicinity of non-ferro metal smelter, Balen (B). The underlined clones were 
used to construct the luciferase reporter vectors. 
 
pmt allele 
consensus 
Clones  
pmtA1 A10-9 P 
 
C14-1 C H12-11  
H12-13 P 
C24-2 C 
pmtA2 A2-4 C B3-3 
B3-14 C 
  
pmtB P8-5 P G12-3 P G8-3 P  
pmtC G8-2 P G2-3 C H1-1 C 
H1-4 
D4-5 C 
pmtD1 P50-2 P 
P50-7 
P62-5 P A2-1 C pmtSTOLC5-1 S 
pmtD2 G7-2 P pmtMAKA4-8 M pmtSTOLF3-4 S  
pmtF E7-8 P X46-2 C X16-2 C  
pmtE pmtABSB4-5 A pmtHOBCC10-`1 H pmtMAA1E5-8 
pmtMAA1E5-12 L 
 
pmtBAL pmtBALA3-10 
pmtBALA3-15 B 
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ABSTRACT 
 
We investigate a model system for micro-evolution of transcriptional regulation: 
metallothionein expression in springtails. A previous survey of the metallothionein 
promoter in Orchesella cincta (Collembola) revealed nine alleles with differential basal 
activities and responses to cadmium and oxidative stress. In this study, twenty-three 
woodlands, with a divergent degree of pollution, were sampled and heavy metals were 
measured. When grouped to their contamination degree, they were discriminated best on 
the pmtD2 metallothionein promoter allele frequency, which was higher in populations 
living in heavily polluted sites. Taken together with previous work showing high 
inducibility of the pmtD2 promoter allele by Cd in a reporter assay, this suggests a fitness 
advantage of the pmtD2 allele in polluted sites. Redundancy analysis revealed associations 
between allele frequencies and specific metals in the environment, resulting in a 
subdivision between pollution-associated alleles and others. A positive relationship 
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between the pmtD2 allele frequency and the Cd content of the soil as well as between pmtE 
and Ni in the litter emerged. An increase of genetic diversity was observed with increasing 
Pb in the soil, reached through substitution of the pmtA1 allele, suggesting balancing 
selection. Our results illustrate that environmental factors can exert selection on promoter 
polymorphisms and cause adaptation through altered transcriptional regulation. 
 
 
INTRODUCTION 
 
Adaptive novelties may result from changes in gene regulation, that occur by reshuffling 
of modular transcription factor binding sites (Wray et al., 2003). This form of regulatory 
evolution has been demonstrated for ecologically relevant traits such as Ldh-B expression, 
a compensatory mechanism in fish populations inhabiting different temperature regimes 
(Schulte, 2001) and tissue-specific over-expression of Cyp6g1 in insecticide resistance in 
Drosophila melanogaster (Chung et al., 2007). These studies show that natural selection can 
act upon genetic variation of transcriptional regulation, in addition to structural variation 
of proteins (Hoekstra, Coyne, 2007). In this paper we study the micro-evolution of 
transcriptional regulation in field populations.  
 Anthropogenic modifications of the environment often exert selection processes on 
genomes (Medina et al., 2007; Morgan et al., 2007). Frequently, this type of natural selection 
results in a specific transcriptional response (Fisher, Oleksiak, 2007; Roelofs et al., 2007). It 
is suggested that polymorphisms of promoter sequences are often responsible for 
variation in expression (Chung et al., 2007; Daborn et al., 2002; Wray et al., 2003), but 
surveys in which promoter allele frequencies were analyzed in association with 
environmental pollution are scarce.  
 Orchesella cincta is a common Holarctic soil arthropod (Berg, 2007; van Straalen, 1989) 
living in association with accumulated pollutants in the soil and litter. The heavy metal-
tolerant phenotype of this species, observed in populations from heavily polluted sites, 
shows an increased excretion efficiency of Cd and Pb (Posthuma et al., 1992). The 
reduction of growth upon Cd exposure, which is inversely related to the Cd excretion 
efficiency, is less pronounced in the tolerant phenotype (Posthuma et al., 1992). Heavy 
metal tolerance also involves over-expression of a Cd-binding metallothionein 
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(Hensbergen et al., 2000; Sterenborg, Roelofs, 2003; Timmermans et al., 2005a), of which the 
Cd-induced expression is an additive genetic trait (Roelofs et al., 2006). Nine alleles were 
discovered in this gene’s promoter (pmt); some did show different basal activities and 
responsiveness to Cd and oxidative stress in a luciferase reporter assay (Janssens et al., 
2007). Their architecture differed in the number and spacing of putative transcription 
factors binding sites relevant to the transcriptional regulation of metallothioneins. 
Additionally, the sequences of this locus contained a signature of balancing selection in a 
population from a historically heavy metal contaminated site.  
 The evolution of heavy metal tolerance in the springtail O. cincta by increased 
metallothionein expression is used as a model to study the role of transcriptional 
regulation in the evolution of ecologically relevant traits. In this study we assess the 
association between metallothionein promoter (pmt) allele frequencies and the heavy 
metal content of the environment.  
 
 
MATERIAL AND METHODS 
 
Sampling  
Twenty-three populations were sampled in a wide variety of soils contaminated with 
heavy metals (Figure 1). Because of the subdivision of population genetic structure of O. 
cincta  between different European regions (Timmermans et al., 2005b), we decided to 
restrict the survey to a part of north-western Europe. Heavy metal pollution was due to 
mining of Pb-Zn ores (Cappuyns et al., 2006), the vicinity of heavy metal smelters, 
dredging sludge landfills (Vandecasteele et al., 2005a) or different levels of natural 
background concentrations. See Table S1 (Supporting Information) for geographic 
position, background information and references of the sampled populations (Brim et al., 
1999; Cappuyns et al., 2006; Dauwe et al., 1999; Deniau et al., 2006; Horckmans et al., 2006; 
Jordaens et al., 2006; Khalil et al., 1995; Lock, Janssen, 2003; Lock et al., 2003; Notten et al., 
2006; Ruttens et al., 2006; Timmermans et al., 2005a Timmermans et al., 2007a; 
Vandecasteele et al., 2004; Vandecasteele et al., 2005a; Vandecasteele et al., 2005b). 
 We aimed at genotyping 96 O. cincta individuals per site. However, fewer individuals 
were sampled at sites where O. cincta abundance was low (24-93 ind.). All animals were 
taken alive to the lab, and frozen separately in 96 well plates until analysis. Additionally, 
Chapter 3 
 62 
three soil samples were taken at each site up to 10 cm depth as well as three litter samples. 
The pH-KCl in distilled water was measured in fresh soil and litter samples. 
 
Heavy metal analysis of soil and litter 
Both 0.01 M CaCl2 exchangeable, which is an estimate of the biologically available fraction, 
and total concentrations of Cd, Pb, Zn, Cu, Ni and Fe were determined in soil and litter 
samples, using the same methods as Timmermans et al., (2005a) . In the present study, the 
0.01 M CaCl2 extracts were filtered over a 0.45 µm filter instead of centrifuged. 
 
 
Figure 1: A: Map of Belgium and parts of the surrounding countries showing the sampled 
sites. B: Classification of the sampled sites according to their degree of soil heavy metal 
pollution, summarized as the W index. 
 
 
 To rank the sites with respect to the degree of pollution, an index W (Widianarko et al., 
2000) was calculated. This index was calculated taking all measured metals into account, 
except Fe, in relation to their background concentrations in standard Dutch soils 
(Anonymous, 1994). Locations were considered as unpolluted, polluted and heavily 
polluted when their pollution indices were respectively ≤ 0, ≤ 2 and > 2. 
 
PCR-RFLP 
Genomic DNA from separate animals (~ 1 mg fresh weight) was isolated with the Wizard 
SV Genomic DNA purification kit (Promega, Inc.). The pmt locus was amplified according 
to Roelofs et al. (2006) . Five µl aliquots from this PCR product were digested overnight 
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with 0.5-1 U of Cla I (Roche), Ssp I, Tau I, Taq I and Mnl I (Fermentas), according to the 
manufacturer’s instructions. The digests were separated by 2 % agarose gel electrophoresis 
in 0.5x TBE. Allele specific restriction patterns were detected by scoring specific bands 
(Figure S1, Supporting Information). 
 
Data analysis 
 
Deviations from Hardy-Weinberg equilibrium using the χ2 test and the Shannon 
information index were calculated with Genalex 6 (Peakall, Smouse, 2006). Additionally, 
the exact tests for Hardy-Weinberg equilibrium, implemented in Arlequin (Excoffier et al., 
2005) and Genepop (Raymond, Rousset, 1995), were applied to the dataset. With Genepop 
alternative hypotheses, such as heterozygote excess and deficiency, were tested by a 
Markov chain method (Rousset, Raymond, 1995). Nei’s genetic diversity (Nei, 1987), an 
expected heterozygosity measure, and the FIS (Weir, Cockerham, 1984) were calculated 
using Arlequin (Excoffier et al., 2005). 
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Figure S1: Restriction map of the nine Orchesella cincta metallothionein promoter (pmt) 
alleles on which the RFLP method was based. Allele specific restriction patterns emerge 
when performing separate digests with Cla I, Ssp I, Tau I, Taq I and Mnl I. 
 
 
 The allele frequency data (ratios) were arcsine(square root) transformed to achieve 
normality. The environmental variables were log(x+1) transformed, except the pH and the 
W index, which remained untransformed. 
 In order to assess associations of allele frequencies with environmental pollution, linear 
discriminant function analysis was conducted in SPSS v. 15.0.1. The stepwise selection 
procedure was chosen to minimize Wilk’s lambda statistic. A Box’s M test was performed 
to test the assumption of equality of covariance matrices. The sites were classified in three 
pollution classes, according to the W index of the soil (see Figure 1B). 
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 Ordinations were performed with CANOCO v 4.5 (ter Braak, Šmilauer, 2002). A 
Detrended Correspondence Analysis (DCA) was executed in order to detect the length of 
the ordination gradient. After detrending by segments the length of the gradient for the 
allele and genotype frequency data were respectively 0.067 and 1.067. Since they were 
smaller than three times the standard deviation, a linear response is assumed (Lepš, 
Šmilauer, 2003) and Redundancy Analysis (RDA), a direct ordination method, was chosen. 
The scaling was set to inter-species correlations to reflect the correlations of species scores 
with the environmental variables scores. Also the species scores were standardized 
through division by their standard deviation. The variation introduced by the geographic 
location of the populations is corrected by using the coordinates as covariables, because 
the pmtA1 and pmtB frequencies were significantly affected by the geographic location 
(Mantel test, Pearson correlation, 999 permutations, Brodgar V2.5.2, Highland Statistics).  
 Correlations and regressions were calculated in SPSS v 15.0.1. The significance levels of 
the correlations were adjusted for the number of executed test by using the Benjamini-
Yekutieli false-discovery rate correction (Narum, 2006). The number of executed tests for 
the diversity measures amounted to 58 (all environmental variables and the W index) and 
for the allele frequencies 63 (restricted to the significant environmental variables from the 
RDA analysis). 
 
 
RESULTS AND DISCUSSION 
 
Concentrations of metals in soil and litter as well as the pHs are summarized in Table S2 
(Supporting Information). The total Cd and Pb concentrations span three orders of 
magnitude. In order to condense the information pollution indices, W, were calculated 
(Figure 1). They summarize the total heavy metal content in relation to Dutch background 
concentrations. The three cleanest sites were MAK, MER and LHG, and the three most 
polluted were PLO, NOY and STO.  
 The number of genotyped individuals, allele frequencies, tests for deviations from 
Hardy-Weinberg equilibrium, FIS and heterozygote deficit and excess are given in Table 1. 
The observed alleles are in decreasing abundance pmtA1, pmtD1, pmtC, pmtA2, pmtB, 
pmtE, pmtD2, pmtF and pmtBAL. The most abundant allele pmtA1 reached its highest and 
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lowest frequency in LHG and PLO, respectively. 
 A G-test showed significant differences in allele frequencies between the populations 
(p<0.001). Five populations exhibited a deviation from the Hardy-Weinberg equilibrium, 
namely AK2, LD1, HOB, BAL and NOY, although LD1 and HOB showed a deviation only 
in the χ2-test. The deviation in AK2 and HOB could be attributed to an excess of 
heterozygotes (Markov chain method implemented in Genepop). In BAL a heterozygote 
deficit was observed, and NOY did not show any significant deficit or excess of 
heterozygotes. The NOY population did not deviate significantly from H-W equilibrium 
when the p-value of the χ2-test was corrected for the number of executed tests, although 
the exact test revealed a deviation. 
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Figure 2: Discriminant analysis (stepwise selection procedure to minimalize Wilks' 
lambda) plot based on the Orchesella cincta metallothionein promoter (pmt) allele 
frequencies. Because the pmtD2 allele frequency was the only variable explaining the 
discrimination of populations between respective heavy metal pollution classes, a single 
discriminant function was found. 
 
 
 In order to detect if the subdivision of the sampled populations in three groups with a 
different grade of heavy metal pollution was reflected in the allele frequency, a linear 
discriminant function analysis was performed, by applying the stepwise selection 
procedure. The only variable explaining the discrimination of the populations in the three 
pollution classes is pmtD2, implying a single discriminant function (Figure 2). The mean 
allele frequency of the pmtD2 allele was significantly different between reference and 
heavily polluted, and polluted and heavily polluted populations respectively (Table 2). 
Moreover, Pearson correlation revealed a significant relationship between the transformed 
pmtD2 allele frequency and the W index (R=0.565, two-tailed p=0.005). 
 The forward selection procedure in the RDA analysis selected the environmental 
variables, which best explained the variability in pmt allele frequency composition (Table  
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Table 2: Linear Discriminant Function Analysis. The stepwise selection procedure (Wilks’ 
lambda=0.625, F=6, p=0.009) revealed a single variable, the pmtD2 allele frequency, which 
best described the membership of the Orchesella cincta populations to the classes of soil 
metal pollution level at the respective sites. Based on the F-statistic the test for equality of 
the pmtD2 allele frequency of each class pair is given. 
 
Step    Reference Polluted Heavily polluted 
1 Reference F   .046 9.834 
    Sig.   .832 .005 
  Polluted F .046   6.810 
    Sig. .832   .017 
  Heavily polluted F 9.834 6.810   
    Sig. .005 .017   
 
 
S3 part A, Supporting Information) for a new RDA restricted to the environmental 
variables that showed a significant contribution (Monte Carlo permutation test, 499 
random permutations).  
 Geographic location as a covariable explained 28.4% of the variation in pmt allele 
frequency data (Table S3 part B, Supporting Information). The first two axes captured 
36.4% of the remaining variance. Environmental variables explained 56.1% of the corrected  
  
 
 
Figure 3: RDA ordination biplot based on the Orchesella cincta metallothionein promoter 
(pmt) allele frequencies and the significantly contributing environmental variables from 
the forward selection procedure. 
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variation, from this relationship 64.8% is explained by the first two axes. The ordination 
biplot is represented in Figure 3. Apparently, three alleles were not associated at all with 
any metal fraction in the environment, i.e. pmtA1, pmtB and pmtD1. The pmtC, pmtA2 and 
pmtBAL allele frequencies are represented as relatively short arrows, and hence contribute 
little to the explanation of the variation. Most heavy metal fractions are positively 
correlated with RDA axis 1 and negatively with RDA axis 2, and are positively correlated 
with the pmtD2 and pmtF allele frequencies. The CaCl2-exchangeable Ni fraction of the 
litter was positively correlated to RDA axis 2 and hence more correlated with pmtE and 
pmtF allele frequencies.  
 The most important correlations from the present study are summarized in Figure 4. 
Their p-values were corrected for the number of tests. Both the Shannon information index 
and Nei’s genetic diversity were positively correlated with the CaCl2 exchangeable soil 
concentration of Pb. This increase in genetic diversity at the pmt locus could be completely 
attributed to a decrease in the frequency of the pmtA1 allele. The correlation coefficients of 
the latter relationships were very high (R < -0.9). The pmtA1 allele frequency was 
negatively correlated with the CaCl2 exchangeable soil concentration of Pb, although it 
was also negatively correlated with other metal fractions (data not shown). The frequency 
of the pmtD2 allele was positively correlated with the total Cd content of the soil. In 
addition the allele frequency of pmtE was positively correlated by the CaCl2 exchangeable 
litter concentration of Ni. 
 Our study shows that the pmt locus exhibits a moderate but clear increase of allelic 
diversity with heavy metal concentrations of the environment, primarily with the 
exchangeable soil concentration of Pb. Moreover, this increase in diversity operates by 
replacement of the (most abundant) pmtA1 allele, and may be described as balancing 
selection. An increase of genetic diversity may be caused by overdominance (higher 
fitness of the heterozygote) (Barnes, 1983) or by environmental heterogeneity (Levene, 
1953; Schmidt et al., 2000; Weinig et al., 2003). Balancing selection at a certain locus can also 
be associated with epistasis (Kroymann, Mitchell-Olds, 2005; Weinig et al., 2003), 
epigenetic processes (Kawabe et al., 2007) and physiological costs of homozygotes (Bishop 
et al., 1977).  
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Table S1: Overview of the sampled locations, their geographical position, description and 
references for background information. 
 
Sample 
code 
Geographical 
location 
Location Description References 
AK1 N 51º01’14’’  
E 3º 32’40’’ 
Meigem (B) Poplar stand on 
dredging sludge 
landfill 
(Jordaens et al., 2006; 
Vandecasteele et al., 
2004; Vandecasteele et 
al., 2005a) 
AK2 N 51 º 01’13’’  
E 3º 32’45’’ 
LHG N 50 º 55’00’’  
E 3º 24’50’’ 
Gottem (B) Willow bush on old 
meander of the Leie 
river 
(Vandecasteele et al., 
2005a; Vandecasteele 
et al., 2005b) 
LD1 N 51 º 04’58’’  
E 3º 40’01’’ 
Vinderhoute 
(B) 
Mixed forest on 
dredging sludge 
landfill 
N.A. 
LD5 N 51 º 04’53’’  
E 3º 39’51’’ 
MAK N 50 º 57’21’’  
E 3º 43’20’’ 
Makkegem 
(B) 
Beech forest N.A. 
LMM N 51 º 00’54’’  
E 3º 44’34’’ 
Merelbeke 
(B) 
Ash stand in city 
park on dredging 
sludge landfill 
(Vandecasteele et al., 
2004) 
SID N 51 º 10’58’’  
E 3º 50’09’’ 
Zelzate (B) Black pine stand 
near steel works 
N.A. 
HOB N 51 º 10’12’’  
E 4º 20’34’’ 
Hoboken (B) Birch stand in the 
vicinity of heavy 
metal smelter 
(Dauwe et al., 1999; 
Timmermans et al., 
2007a) 
MER N 51 º 23’09’’  
E 4º 52’38’’ 
Merksplas 
(B) 
Pine forest N.A. 
ABS N 51 º 19’28’’  
E 4º 49’28’’ 
Beerse (B) Birch stand in the 
vicinity of heavy 
metal smelter 
N.A. 
BAL N 51 º 12’08’’  
E 5º 13’35’’ 
Balen (B) Birch stand in the 
vicinity of heavy 
metal smelter 
N.A. 
BUD N 51 º 14’48’’  
E 5º 35’16’’ 
Budel (NL) Mixed forest in the 
vicinity of heavy 
metal smelter 
(Khalil et al., 1995) 
MA1 N 51 º 14’17’’  
E 5º 15’47’’ 
Lommel (B) Mixed forest on the 
location of a former 
heavy metal smelter 
(Brim et al., 1999; 
Horckmans et al., 
2006; Lock, Janssen, 
2003) 
MA2 N 51 º 14’13’’  
E 5º 15’51’’ 
VSL N 50 º 35’23’’  
E 5º 28’51’’ 
Seraing (B) Deciduous forest in 
the vicinity of 
crystal factory 
N.A. 
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Table S1: continued 
 
Sample 
code 
Geographical 
location 
Location Description References 
STOL N 50 º 45’38’’  
E 6º 14’15’’ 
Stolberg (D) Mixed forest in the 
vicinity of heavy 
metal smelter 
(Timmermans et al., 
2005a) 
KEL N 50 º 41’45’’  
E 5º 59’41’’ 
Kelmis (La 
Calamine) (B) 
Mixed forest on 
historical Pb-Zn 
mine 
(Cappuyns et al., 2006; 
Deniau et al., 2006) 
PLO N 50 º 44’04’’  
E 5º 58’02’’ 
Plombières (B) Mixed forest on 
historical Pb-Zn 
mine 
(Cappuyns et al., 2006; 
Deniau et al., 2006; 
Lock et al., 2003; 
Timmermans et al., 
2005a; Timmermans et 
al., 2007a) 
ROG N 52 º 34’17’’  
E 5º 47’56’’ 
Roggebotzand 
(NL) 
Mixed forest on 
reclaimed land  
N.A. 
NOY N 50 º 25’46’’  
E 3º 01’21’’ 
Noyelles-
Godault (F) 
Elder stand in the 
vicinity of a former 
heavy metal 
smelter 
(Timmermans et al., 
2005a; Timmermans et 
al., 2007a) 
FDM N 50 º 25’20’’  
E 3º 16’51’’ 
Marchiennes 
(F) 
Mixed forest N.A. 
OVP N 51 º 14’20’’  
E 5º 22’59’’ 
Overpelt (B) Poplar stand in the 
vicinity of heavy 
metal smelter 
(Notten et al., 2006; 
Ruttens et al., 2006) 
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Figure 4: Summarizing scatter plots of the most important Pearson correlations of 
Orchesella cincta metallothionein promoter (pmt) allele frequencies, and deduced diversity 
measures, with heavy metal content of the environment. More information about the 
sampled sites can be found in Table S1. A: The Shannon's information index and the Nei's 
genetic diversity were both positively correlated with the transformed CaCl2 exchangeable 
Pb fraction in the soil (R=0.693, p=0.039 and R=0.658, p=0.040 respectively). B: The 
Shannon's information index and the Nei's genetic diversity were both negatively and 
strongly correlated with the transformed allele frequency of pmtA1 (R=-0.948, p=0.036 and 
R=-0.984, p=0.036 respectively). C: The transformed allele frequency of pmtA1 was 
negatively correlated with the transformed CaCl2 exchangeable Pb fraction in the soil (R=-
0.720, p=0.040). D: The transformed allele frequency of pmtD2 was positively correlated 
with the transformed total Cd content of the soil (R=0.627, p=0.041). E: The transformed 
allele frequency of pmtE was positively correlated with the transformed CaCl2 
exchangeable Ni fraction in the litter (R=0.585, p=0.043). All p-values were corrected for 
the number of executed tests, using the Bejamini-Yekutiele false discovery rate correction. 
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Table S3: A: Summary of the forward selection procedure in the redundancy analysis 
(RDA) on the Orchesella cincta metallothionein promoter (pmt) alleles from sites within a 
wide range of heavy metal contamination (see Table S1 for more information): The lambda 
is the amount of variability in the allele frequency data explained by the respective 
environmental variable. The resulting F statistic and p-value are from the Monte Carlo 
permutation test (499 random permutations). Only the significant environmental variables 
are given. B: Summary of the RDA based on the seven significant environmental variables, 
summarizing the amount of variance explained by the first four axes. 
 
A 
Variable LambdaA P F 
Pb soil CaCl2     0.11 0.004 3.41 
Zn soil CaCl2     0.05 0.008 3.15 
Ni litter CaCl2     0.08 0.016 2.6 
Ni soil total  0.06 0.02 2.7 
Fe soil total  0.06 0.024 2.24 
Pb litter CaCl2  0.05 0.048 1.92 
Cd soil total  0.03 0.048 2.44 
 
 
B 
Axes 1 2 3 4 Total 
variance 
Eigenvalues     0.163 0.098 0.072 0.038 1.000 
Species-environment correlations   0.895 0.912 0.853 0.667  
Cumulative % variance  
of species data                 22.7 36.4 46.5 51.8  
of species-environment relation 40.4 64.8 82.8 92.1  
Sum of all eigenvalues  0.716 
Sum of canonical eigenvalues  0.402 
Test of significance of first canonical axis: eigenvalue =    0.163 
F-ratio = 3.819 
p-value = 0.0220 
Test of significance of all canonical axes: Trace = 0.402 
F-ratio = 2.382 
p-value = 0.0020 
 
 
 
 Other studies, that document balancing selection acting upon promoters include the 
human interleukin 10 promoter (Wilson et al., 2006), MHC genes promoters (Loisel et al., 
2006; Tan et al., 2005) and CC cytokine receptor 5 (CCR5) (Bamshad et al., 2002), whose gene 
products are involved in immunological responses in which low and high expressing 
variants are balanced by costs and benefits.  This type of selection on regulatory regions 
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allows organisms to fine-tune expression profiles to environmental conditions by de-
coupling the regulatory variation from protein function (Hahn, 2007). Some studies 
attribute an increase of genetic diversity with environmental pollution to asymmetric gene 
flow and increased mutation rates (Theodorakis et al., 2006). The two latter explanations 
are less likely in our study, because microsatellite and AFLP markers did not reveal a 
relation between heavy metal pollution and genetic diversity in O. cincta (Timmermans, 
2005c). Furthermore, conserved RFLP patterns observed at the pmt locus throughout all 
sampled populations make it less likely that the higher diversity emerged due to increased 
mutation rates in heavy metal contaminated sites.  
 Despite the general pattern of balancing selection, a clear and significant correlation of 
the allele frequencies of respectively pmtD2 and pmtE with the total Cd content of the soil 
and the CaCl2-exchangeable Ni in the litter was observed (Figure 4). This suggests that 
they are under metal specific directional selection. It is also plausible that the observed 
increase in genetic diversity is the result of gene flow from surrounding populations, 
weakening the direct selection described above (Lenormand et al., 1999). This may explain 
why the two alleles under directional selection are never fixed.  
 Our results are confirmed by a luciferase reporter assay, in which the pmtD2 allele was 
shown to be highly inducible by Cd, in absolute inducibility as well as the slope of the 
dose response curve and the basal promoter activity (Janssens et al., 2007). Since increased 
expression of metallothionein contributes to metal-tolerance, we consider it likely that the 
pmtD2 plays a role in the fitness advantage of the cadmium-tolerant phenotype. Other 
studies have shown selection on alleles of the coding region of metallothioneins (Tanguy et 
al., 2002; Timmermans et al., 2007a) and on expression levels (Jack et al., 2007; Timmermans 
et al., 2005a; van Hoof et al., 2001), but a shift in the occurrence of regulatory 
polymorphisms has not been observed before in field populations.  
 In this survey we have sampled 23 populations from multiple reference and polluted 
populations in a broad range of different soil types and heavy metal pollution levels albeit 
a small biogeographical area. The range of Cd contamination (as a measure for heavy 
metal pollution) in our samples approaches the EC50 for survival of a reference O. cincta 
population during chronic dietary exposure to Cd (180 mg/kg) (Crommentuijn et al., 
1995). Our data provide sound evidence for balancing selection on metallothionein 
expression, but specific directional selection by respectively Cd and Ni on the allele 
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frequencies of pmtD2 and pmtE.   
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Chapter 4 
 
Population specific transcriptional regulation of metallothionein in 
Orchesella cincta  
 
Thierry K.S. Janssens, Janine Mariën, Nico M. van Straalen and Dick Roelofs 
 
ABSTRACT 
 
Previous research has shown that the metallothionein promoter (pmt) of Orchesella cincta 
harbors extensive nucleotide polymorphisms, resulting in different promoter architecture 
of the respective alleles and altered basal and inducible transcript levels. In order to 
analyze if the increased average mt expression in a tolerant population from a heavy metal 
polluted mine site is determined by the genotype of the pmt locus, pmt homozygous 
families were made for three alleles (pmtA1, pmtA2 and pmtC). To distinguish the effect of 
origin (and therefore genetic background), families of both reference and mine origin were 
analyzed. After an exposure experiment to cadmium, mt mRNA levels were measured by 
RT-QPCR. Three-way ANOVA revealed a significant interaction between genotype and 
origin. The pmt genotype had different effects on mt expression in the reference compared 
to the tolerant population. Significant effects of origin and exposure to cadmium were also 
observed. Moreover a decrease in plasticity was detected in the families with a tolerant 
genetic background, reflected by constitutively elevated mt mRNA levels. The reason for 
this may be trans-regulatory variation or epigenetic effects. This implies that the extensive 
nucleotide polymorphisms observed in the O. cincta metallothionein promoter have only a 
minor effect on the mt mRNA levels. Over-expression of mt, as observed in populations 
living in metal-contaminated soils, seems to involve trans-regulatory variation in addition 
to cis-regulatory variation. 
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INTRODUCTION 
 
Mutations responsible for variation in transcriptional regulation can be located in different 
sites of a genome (Wittkopp, 2005; Wray et al., 2003; Wray, 2007). Cis-regulatory variants 
are located in the non-coding DNA in the vicinity of a transcribed gene, representing 
polymorphisms in binding sites for transcription factors, chromatin remodeling factors 
and even factors that determine transcript stability. In contrast, trans-regulatory variants 
determine the amount and properties of one or several factors, which determine the 
expression of the particular gene, in a direct or indirect manner. So, the distinction 
between cis or trans depends on the genomic location of a mutation relative to the target 
gene. It was suggested by Wittkopp et al. (2004) that interspecific regulatory variants in 
structural genes between Drosophila species were almost always caused by cis-regulatory 
variation, accompanied in half of the cases by a trans-regulatory component. Genes 
involved in the response to environmental stimuli, such as stress genes, are assumed to be 
regulated by less entangled (exogenous) pathways than for example developmental genes, 
and are therefore less likely to be extensively trans-regulated (Wittkopp, 2005).  
Recent technologies for the detection of regulatory variants by quantitative genotyping 
include single-base extension (Cowles et al., 2002) and pyrosequencing (Wittkopp et al., 
2004) in F1-hybrids from inbred strains, and subsequent assessment of transcript ratios of 
the two alleles. The location of regulatory mutations is also determined nowadays by 
eQTLs, mapped polymorphisms segregating with expression levels measured by 
microarrays, and related techniques (Gibson, Weir, 2005). The classification of cis or trans 
polymorphisms in eQTL studies is rather divergent; distances of 20kb up to 20 million 
base pairs are reported in the literature (de Koning, Haley, 2005). The majority of intra-
specific eQTLs are situated in trans and are concentrated in centralized regulatory hubs 
(Wittkopp, 2007).  By association of multi-modal expression profiles in a mixed model 
approach in several D. melanogaster isogenic lines , a complex interplay of cis- and trans-
acting factors was observed (Hsieh et al., 2007). Apparently no consensus has been 
reached in the evolutionary cis-trans debate. However, due to a lack in well-characterized 
Population specific transcriptional regulation of metallothionein in Orchesella cincta 
 
83 
inbred families and a limited number of SNPs in the mt transcript of Orchesella cincta these 
techniques are out of reach. Therefore, the present study is executed with real-time 
quantitative PCR on pmt homozygous families from both reference and tolerant origin. 
Metallothioneins are low molecular weight proteins, with characteristic cysteine clusters 
and a paucity in aromatic amino acids and histidine, which are involved in the scavenging 
of heavy metals and the homeostasis of the cytoplasmic concentrations of essential metals 
and the redox potential (Coyle et al., 2002; Dallinger, 1996). They are suggested to be 
mainly transcriptionally regulated (Haq et al., 2003), but to our knowledge no study did 
report yet about the relative importance of cis- or trans-regulation involved. In a luciferase 
reporter assay of the pmt locus of O. cincta, which contains a metallothionein promoter 
with extensive polymorphism, the basal and induced expression in an insect cell line was 
shown to be affected  by the number and spacing of transcription factor binding sites 
(Janssens et al., 2007) and the allele frequencies of some pmt alleles were shown to be 
associated with the heavy metal content in the environment (Janssens et al., 2008). Earlier 
work has shown that the constitutive expression, measured by RT-QPCR, was elevated in 
cadmium tolerant populations from heavy metal contaminated sites (Timmermans et al., 
2005a), however in a later study only the Cd induced expression showed a additive 
heritable component (Roelofs et al., 2006). The question can be raised whether this over-
expression in heavy-metal adapted populations can be attributed to the genotype at the 
pmt locus.  
In this study we report about the mt expression in pmt homozygous families of O. cincta. In 
order to make a distinction between promoter genotype effects and effects of the genetic 
background, reference or polluted, three pmt alleles (in homozygous genotype) were 
investigated in animals from both origins. In a cadmium exposure experiment the mt 
expression was measured by RT-QPCR. The interaction of origin and genotype were 
significantly affecting the mt mRNA levels. Also origin and exposure to cadmium were 
significantly affecting the mt expression. The effect of origin may point on trans-regulatory 
variance or epigenetic regulation. Moreover, a reduced plasticity due to elevated 
constitutive mt mRNA levels in families from tolerant origin was detected. 
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MATERIAL AND METHODS 
 
Selection of the parents, and culture of the pmt homozygous families 
Homozygous families at the pmt locus were derived from lab cultures of O. cincta from a 
reference (Roggebotzand) and a polluted site (Plombières). In order to genotype 
individual O. cincta, a non-destructive tissue sample was taken by amputating the first two 
segments from one of the antennae and the sex of the individual was determined at the 
same time by inspection of the genital aperture. The antenna sample was crushed in chelex 
and stored at -20°C until further analysis. Using the RFLP PCR on the pmt locus, as 
described in Janssens et al. (submitted), all individuals were genotyped. Homozygous 
parents were paired to start a family, or parents were selected by screening the offspring 
of heterozygous parents. The families were grown for at least one generation at 15°C on 
twigs overgrown with algae in pots with a bottom of plaster of Paris. Eventually, eight 
families were made, see Table 1. 
 
Table 1: Summary of the bred and analyzed pmt homozygous Orchesella cincta families. 
 
Origin 
Genotype 
Reference Contaminated 
pmtA1 pmtA1-K pmtA1-P 
pmtA2 pmtA2-K pmtA2-P 
pmtC pmtC-K1 pmtC-P1 
 pmtC-K2 pmtC-P2 
 
 
Exposure  
Individual adult animals were kept in pots (2 cm diameter) on plaster of Paris and fed ad 
libitum with a suspension of algae (from a reference site, Roggebotzand) on a paper disc. 
After molting they were exposed by transferring them to a new pot with a paper disc with 
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a suspension of algae spiked up to 1 µmole Cd/ g dry weight (nominal concentration) for 
the exposed treatment or again the un-spiked algae for the control treatment. After three 
days of exposure they were transferred to a micro centrifugal tube, snap frozen in liquid 
nitrogen and stored at -80°C until analysis. For every treatment (control or exposure) three 
replicate samples were prepared, consisting of five animals each. 
 
RNA extraction and RT-QPCR 
The SV Total RNA Isolation System (Promega) was used to extract total RNA from the five 
pooled animals per replicate. They were crushed in 250 µl of lysis buffer, of which 50 µl 
was kept for genotyping after genomic DNA extraction with the Wizard SV Genomic 
DNA Purification System (Promega).  Five µl of total RNA was used in the reverse 
transcription reaction with 200 U MMLV (Promega) and 2 µM of oligo(dT) primer 
according to the manufacturers instructions. Real-time RT-PCR was performed with 
SYBR® Green PCR Master Mix (Applied BioSystems) and gene specific primers (MT-163F: 
GGCAAATCGCCCACTTGTT, MT-265R: CCTTGCAGACACAATCTGGACC, ARC4-67F: 
CCGTAAGGATCTGTATGCCAACA and ARC4-157R: GGCAGTGATCTCCTTTTGCATC) 
on an Opticon 1 real-time PCR machine (MJ Research). The cycling program was: 
denaturation (95°C for 10 min), 2-step amplification and quantification (92°C for 15 s, 60°C 
for 1 min with a single fluorescence measurement), melting curve program (60– 90°C with 
a heating rate at 0.1°C per second and fluorescence measurement every second). The RFU 
(relative fluorescence units) of the cycle range 3-7 were considered as background and 
were baseline-subtracted from the other measurements. The cycle threshold was set to 0.01 
RFU. Beta-actin was chosen as internal control for mt mRNA quantification, and from 
every replicate three pseudo replicate measurements were done. The data were exported 
to the Q-gene module in Microsoft Excel (Muller et al., 2002) where the mean normalized 
expression for every replicate was calculated. The PCR efficiency calculated by (Roelofs et 
al., 2006) was used. Replicates in which the standard error was >20% were re-evaluated. 
The logarithmically transformed data were analyzed in a Three Way ANOVA, executed in 
SPSS v 15.0, with the origin (genetic background from a reference or a polluted site), 
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exposure (non-spiked or 1 µmole Cd/ g algae suspension) and genotype (homozygous 
pmtA1, pmtA2 or pmtC) as fixed factors. Reaction norms were calculated as a slope on the 
raw data (Δmne)/(Δ[Cd]). Homogeneity of variance, by the F-test and the t-test were 
executed in Microsoft Excel. 
 
RESULTS AND DISCUSSION 
 
The logarithmically transformed mt expression data are summarized in Figure 1; two 
replicate families of the pmtC homozygous genotype were analyzed from reference and 
tolerant origin. These data are pooled in the graph and the analysis. The Three Way 
ANOVA statistics revealed a significant interaction between genotype and origin on the 
mt expression (Table 2), which implies that the effect of the pmt genotype depends on the 
genetic background in which it is present. The most important factors that determine mt 
expression are the exposure to cadmium and origin. Neither effect of genotype nor any 
genotype and exposure interaction was detected. The significant interaction between 
exposure and origin on mt expression is also reflected in the altered reaction norms. The t-
test on the reaction norms confirmed the increased plasticity in the families from reference 
origin (Table 3). 
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Figure 1: Box-plots representing the basal and 1 µmole Cd/g dry food (algae) induced mt 
expression of the pmtA1, pmtA2 and pmtC homozygous genotypes in Orchesella cincta with 
a reference and a tolerant genetic background. The mean-normalized expression levels are 
logarithmically transformed and the replicate families of the pmtC families are pooled. 
 
Our data suggest a dual response pathway for induction and constitutive mt expression 
and support the earlier findings that tolerant O. cincta populations with a genetic 
background adapted to a high environmental heavy metal exposure show a stress 
response of a lesser extent upon cadmium exposure (Roelofs et al., 2007)  and a 
constitutively higher expression of mt (Roelofs et al., 2007; Timmermans et al., 2005a). The 
additive genetic heritability (36-46%) observed in the Cd inducible mt expression from a 
reference population, observed by Roelofs et al. (2006), is probably to be ascribed to the 
plastic variation determined by the promoter alleles. Since the latter study was executed in 
a single reference population, the heritability of increased constitutive expression was not 
observed. This model of duality in the transcriptional regulation is thus supported by 
earlier studies on mt expression in O. cincta. 
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Table 2: Output of the Three-Way ANOVA analysis.  A significant effect of exposure and 
origin (genetic background) on mt mRNA levels in Orchesella cincta was observed. 
Significant interactions of genotype and origin and exposure and origin respectively were 
observed.  
 
Source    Type III  
Sum of Squares 
df Mean Square F    Sig. 
Genotype 0.627 2 0.336 2.797 0.074 
Exposure 2.971 1 9.971 24.713 0.000*** 
Origin 4.807 1 4.807 39.993 0.000*** 
Genotype*Exposure 0.110 2 0.055 0.458 0.636 
Genotype*Origin 2.166 2 1.083 9.009 0.001** 
Exposure*Origin 1.753 1 1.753 14.583 0.001** 
Genotype*Exposure*Origin 0.663 2 0.331 2.757 0.077 
 
Table 3: A: Reaction norms of mt mRNA in Orchesella cincta levels as observed in the 1 
µmole Cd/g food exposure relative to the control exposure. B: The F-test did not reveal a 
difference in variance between observations in animals from reference and tolerant origin 
(results not shown). The resulting one-tailed t-test showed an elevated reaction norm in 
the families from reference origin. 
 
A 
Genotype Reference Tolerant 
pmtA1 0,02 0,04 
pmtAt2 0,09 -0,04 
pmtC (K1 and P1) 0,05 0,02 
pmtC (K2 and P2) 0,19 0,00 
 
B 
  Reference Tolerant 
Mean 0,087737 0,005433 
Variance 0,005681 0,001463 
Observations 4 4 
Pooled Variance 0,003572  
Hypothesized Mean 
Difference 
0  
df 6  
t Stat 1,947478  
P(T<=t) one-tail 0,049703  
t Critical one-tail 1,943181  
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Because there is extensive variation in the O. cincta metallothionein promoter, which is 
reflected in the basal and induced transcript levels (Janssens et al., 2007), we expected that 
the pmt genotype would have a major impact on constitutive and cadmium induced mt 
expression levels. Some of this nucleotide variation in the promoter could contain elusive 
sequences responsible for spatial and temporal specificity in expression, such as in the 
expression of rice mt (Lu et al., 2007). Although the regulatory genes in plants differ from 
animals (Roelofs et al., 2008), this may imply that our standard exposure procedure 
applied to adult animals may not have been optimal to reveal the expression pattern and 
potential of every pmt allele. Therefore our exposure and detection method may not have 
been suitable to detect the complete range of phenotypic variation. Also this study was 
limited to three out of the nine known pmt alleles, due to experimental restriction. In 
addition, there are some discrepancies with the results of the luciferase reporter assays 
used by Janssens et al. (2007). For example the reduced basal and cadmium induced 
expression of the pmtCluc construct in comparison to the pmtA1luc in a Drosophila S2 cell 
line (Janssens et al., 2007) was not observed in the present study. This could be due to 
regulatory differences between D. melanogaster and O. cincta. The cadmium-activated 
transcription factor MTF-1 from Drosophila might act differently on the O. cincta pmt locus 
than the (still putative) MTF-1 from O. cincta itself. 
Some studies about the adaptive evolution to environmental stressors report, instead of an 
induced stress response, the increased expression at the constitutive level due to variation 
in trans-loci.  The constitutive higher expression of genes involved in resistance has been 
reported in the mdr1 gene of Candida albicans in relation to fluconazole resistance 
(Wirsching et al., 2000). The responsible mutations resided in trans-regulatory variation 
and suggest a mechanisms with multiple players (Hiller et al., 2006). Expression levels of 
the Cyp6A1 gene in Musca domestica are also linked to trans-mutation, affecting the 
production of an intermediate metabolite, inhibiting its expression (Sabourault et al., 2001).  
Besides the elevated constitutive levels, the expression of the O. cincta mt is less inducible, 
i.e. less plastic, upon cadmium exposure in the families with a genetic background from 
the contaminated site, due to the elevated constitutive expression levels. Plasticity of gene 
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expression in cell defense responses is attributed to the recruitment of specific 
transcription factors to responsive elements in promoters and enhancers (Goldring et al., 
2006), epigenetics, neuro-endocrine mechanisms, and even the activity of microbial 
symbionts (Gilbert, 2005; Schlichting, Smith, 2002). An example of epigenetic regulation of 
plasticity is the pigmentation pattern in Drosophila in relation to temperature, which relies 
on chromatin remodeling (Gibert et al., 2007). Because there are several genes involved in 
this process there is, despite the process of canalization, a scope for adaptation. Another 
example is the acquisition of behavioural benzyl alcohol tolerance in Drosophila upon 
exposure by chromatin remodeling on the promoter of the slo gene (BK type Ca2+-activated 
K+ channel). The transcription factor CREB (cAMP responsive element binding protein) 
was shown to bind better to its promoter target and induce slo expression upon exposure 
(Wang et al., 2007).  
Plasticity may protect genetic variability from natural selection, and thus maintain the 
genetic diversity for future release, as hidden reaction norms may be recruited during 
future evolutionary eras with new environmental challenges (Schlichting, Smith, 2002). 
The fact that plasticity is greatly diminished in the genetic background of the O. cincta 
families from a contaminated origin may point to a process of genetic assimilation 
(Pigliucci et al., 2006; Schlichting, Smith, 2002). The process of genetic assimilation is a 
highly debated theory in which the genetic process of adaptation follows from a 
physiological process of acclimation (Schmalhausen, 1947; Waddington, 1953) and causes 
a reduction in plasticity (Schlichting, Smith, 2002). This often involves heritable epigenetic 
mechanisms (Pal, Miklos, 1999), such as altered DNA methylation, chromatin remodeling, 
histone modification or RNA interference. For example, a population of the fish Fundulus 
heteroclitus from a creosote contaminated site lacked the induced expression of P4501A. 
This phenotype could not be attributed to any cis or trans regulatory change. It was 
suggested that this heritable trait was due to epigenetic mechanisms other than CpG 
methylation in the promoter (Timme-Laragy et al., 2005). Also, constitutive over-
expression of R-genes in Arabidopsis conveys disease resistance and is associated with 
epigenetic mechanisms, such as DNA methylation (Stokes et al., 2002). These studies 
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contribute to the growing evidence that epigenetic processes are important in adaptive 
phenotypes in natural populations.  
Our data suggest a dual regulatory mechanism in which cis-variation is responsible for the 
plastic inductive responses to cadmium, subordinate to a constitutive expression level 
which may be modulated by trans-regulatory variation or epigenetic processes. 
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Chapter 5 
 
Yeast one-hybrid screens on Orchesella cincta metallothionein promoter 
elements 
 
Thierry K.S. Janssens, Janine Mariën, Nico M. van Straalen and Dick Roelofs 
 
 
ABSTRACT 
 
A previous study revealed evidence for trans-regulatory evolution or epigenetic processes 
acting in conjunction with cis-acting polymorphisms upon metallothionein expression in 
heavy metal tolerant populations of Orchesella cincta. In order to isolate regulatory proteins 
binding to elements from the O. cincta metallothionein promoter a yeast one-hybrid 
experiment was performed. Despite the large number of putative false positives, three 
cDNAs encoding potential transcription factors were isolated. cDNAs encoding CCR4-
NOT transcription complex subunit 3, a Y-box protein (cold shock domain protein) and a 
defective proventriculus (homeodomain protein) were identified. The role of these proteins 
in the regulation of metallothionein expression is not yet clear. Experimental procedures 
and future directions are further discussed. 
 
 
INTRODUCTION 
 
Transcriptional regulation plays an important role in the evolution of adaptive traits 
(Wray et al., 2003). It takes place by the binding of regulatory proteins, transcription 
factors, which bind to specific DNA stretches in the (mostly) non-coding DNA in the 
vicinity of the target gene. Developmental, spatial, temporal and environmental cues are 
in this way integrated by specific DNA-protein interactions, but also protein-protein 
interactions by which the frequency of transcriptional initiation is determined. Genetic 
variation can exist in cis or in trans (Wittkopp, 2005). Cis-regulatory variation is the 
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occurrence of polymorphisms in the properties, abundance and spatial arrangement of 
DNA binding sites for regulatory proteins. Trans-regulatory variation are mutations which 
determine the properties or the abundance of regulatory factors (such as transcription 
factors), not genetically linked to but regulating the expression of the target gene.  
 Previous studies reported increased mt mRNA levels in Orchesella cincta populations 
from heavy metal contaminated sites (Timmermans et al., 2005a) and considered this 
constitutive over-expression as an adaptive trait to prolonged cadmium exposure. Recent 
data by Janssens et al. (Chapter 4) cast doubt upon the functional significance of 
differences among metallothionein promoter (pmt) alleles upon cadmium and oxidative 
stress exposed, as well as  basal expression levels in a luciferase reporter assay (Janssens et 
al., 2007). It is unlikely that this constitutive over-expression is caused by the genotype of 
the promoter but instead point at the genetic background acting upon this cis-regulatory 
region. In the sequence of the O. cincta metallothionein promoter (pmt) a number of 
putative binding sites for transcription factors relevant to arthropod mt transcription were 
found (Janssens et al., 2007). They include the metal responsive element (MRE, binding site 
for the metal responsive transcription factor, MTF-1), the anti-oxidant responsive element 
(ARE, binding site for Nrf2, nuclear erythroid derived related factor-2), a CCAAT-box 
(binding site for CCAAT enhancer binding proteins C/EBP proteins) and the 20-
hydroxyecdysone responsive element (HERE, binding site for the ecdysone 
receptor/ultraspiracle dimer, EcR/Usp). 
 Janssens et al. (Chapter 4) suggested that regulatory variation could be located in trans, 
i.e. at another locus in the genome which determines a factor influencing the activation of 
this promoter. In order to locate the genetic variation in trans, one can start by picking up 
transcription factors that bind on the promoter of interest. The most used gene-centered 
technique (i.e. with prior knowledge about the genomic context of the gene of interest) to 
achieve this is the yeast one-hybrid technique (Walhout, 2006). Nowadays custom-made 
high throughput approaches are used to unravel tissue-specific regulatory networks, such 
as in Caenorhabditis elegans (Deplancke et al., 2006). The yeast one-hybrid method has been 
applied in a small number of non-model invertebrates; for example in the locust (Locusta 
migratoria) JHRE (juvenile hormone responsive elements) binding proteins were 
successfully isolated from a fat-body cDNA library by a yeast one-hybrid method (Zhou et 
al., 2006). In Schistosoma mansoni a specific ssDNA binding transcription factor, SmPUR-α, 
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interacting with a regulatory element in an eggshell precursor protein was isolated 
(Fantappie et al., 2000). 
 The yeast one-hybrid system screens for specific interaction between proteins 
expressed from a cDNA library and regulatory DNA elements. It consists of a custom 
made bait vector (pHis2), which carries an insert with a putative protein binding DNA 
sequence (tandem repeat) and an AD expression vector (pGADT7), which expresses a 
hybrid cDNA library protein with the GAL4 activation domain. By interaction of a cDNA 
with the bait vector insert, a histidine selector gene is activated on the bait vector, by 
interaction of the GAL4 AD with the minimal promoter (see Figure 1). Other selective 
markers of leucine and tryptophan metabolism are located on the expression and the bait 
vectors. So when the bait vector of interest is co-transformed with a cDNA library cloned 
in the expression vector and the transformants are subsequently plated on a selective 
medium without leucine, histidine nor tryptophan, any colonies emerging must be due to 
interaction between library products and the tested promoter sequence. 
 
 
Figure 1: The principle of the yeast one-hybrid technique: interaction of a cDNA library 
protein hybrid with the insert of the bait vector (Clontech Laboratories Inc.). 
 
 
 One should keep in mind that leaky expression of the histidine marker occurs, which 
can be circumvented by the addition of an optimalized amount of 3-AT (3-amino-1,2,4-
triazole) to the medium. 
 No more than two studies report about the use of the present technique to elucidate an 
interaction relevant to heavy metal related transcription. One study reports the application 
of the system to pick up MRE-binding transcription factors from a mammalian cDNA 
library (Inouye et al., 1994). Surprisingly the retrieved cDNA clone was not a MTF-1 
homologue, but a trithorax like protein called M96. Further analysis revealed that it is a 
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zinc sensitive protein, part of a larger MRE-binding complex (Remondelli, Leone, 1997). In 
another study, the CdRE (cadmium response element) of the human heme oxygenase-1 
promoter revealed an interaction with pescadillo, a BRCT domain protein, involved in 
replication and ribosome genesis (Sikorski et al., 2006). From these studies it is clear that 
unexpected results may emerge from yeast one-hybrid screens, resulting in new 
mechanistic insights about the effects of regulatory DNA elements on gene expression. 
 In the present study yeast-one hybrid screens are executed with putative transcription 
factor binding sites as bait. The resulting cDNAs encoding transcription factors are 
candidates for further investigation of the role of trans-regulatory variation in the elevated 
mt expression of cadmium tolerant O. cincta populations 
 
 
MATERIAL AND METHODS 
 
cDNA synthesis 
A homogenate was made by crushing 150 unexposed and 150 cadmium exposed (1 µmole 
Cd/ g algae) Orchesella cincta individuals in liquid nitrogen with pestle and mortar.  From 
this mixture total RNA was isolated using the Qiagen RNeasy midi kit. The yield was 190 
µg of total RNA, with an acceptable purity (OD260/OD280=2.22 and OD260/OD230=1.85). 
 First strand cDNA was made with the Matchmaker Yeast One-hybrid Construction and 
Screening kit (Clontech, Takara), making use of the SMARTTM technology and a matching 
oligo dT primer (SMART III oligonucleotide and CDS III primer). The amount of total 
RNA used per first strand reaction was 270 ng. In the subsequent second strand reaction 
the first strand cDNA was amplified during 24 cycles using the Advantage polymerase 
system and the 5’ and 3’ LD primer pair in a PCR volume of 100 µl. The double stranded 
cDNA was subsequently purified on a ChromaspinTM TE-400 column (Clontech, Takara) 
and subsequently the purity and quantity were verified. 
 
Construction of the bait plasmids 
The pHis2 vector was linearized in a double digest of EcoRI and SacI, according to the 
manufacturers’ instructions. 
 Five bait constructs were made. The first one, pmtA1His2 consisted of 1276 bp (1-1276 
of the DQ523588 accession) metallothionein promoter pmtA1 allele amplified with primers 
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containing restriction sites for respectively EcoRI and SacI (D1-36F-EcoRI: 
AAAAGAATTCGGCATTCTAGTTTGAGTCAGTCTACCGG, MT-73R- SacI: 
GGGGAAAGAGCTCTCGTTAGAGAATTTGAAGAACTGCG). After amplification the 
product was double digested, purified and cloned directionally into the linearized pHis2 
vector by ligation. The construct was checked by specific restriction digests. 
 The four other constructs consisted of putative transcription factor binding sites 
predicted in a former study (Janssens et al., 2007), pMREHis2 (one copy of the third metal 
responsive element, MRE-c, and its associated GC-rich area), p4XARE His2 (four tandem 
repeats of the anti-oxidant responsive element), pXHEREHis2 (four tandem repeats of the 
20-hydroxyecdysone receptor binding site overlapping the initiator) and p4XC/EBPHis2 
(four tandem repeats of CCAAT). These constructs were made by mixing complementary 
synthesized oligonucleotides (Table 1), of which the sense strand had 5’ and 3’ sticky ends 
for respectively EcoRI and SacI, in 50 mM NaCl. After denaturation at 70°C, the mixture 
was slowly cooled down to anneal the complementary strand properly. Afterwards these 
double stranded inserts were ligated in pHis2. All constructs were cloned and amplified in 
 
Table 1: Oligonucleotides used for the construction of the bait plasmids, based on 
Orchesella cincta metallothionein promoter elements, in pHis2. The putative transcription 
factor binding sites are represented in bold. 
 
Bait construct Oligo 
SENSE AATTCTGCACACGGCACAGCT pMREHis2 
ANTISENSE GTGCCGTGTGCA 
SENSE AATTCTGACTAGGCATTGACTAGGCATTGACTAGGCATTGACT
AGGCAGCT 
p4XARE His2 
ANTISENSE GCCTAGTCAATGCCTAGTCAATGCCTAGTCAATGCCTAGTCA 
SENSE AATTCTTTCATTTCAATTTTCATTTCAATTTTCATTTCAATTTTCA
TTTCAAGCT 
pXHEREHis2 
ANTISENSE TGAAATGAAAATTGAAATGAAAATTGAAATGAAAATTGAAATGA
AA 
SENSE AATTCCCAATATCCAATATCCAATATCCAATATAGCT p4XC/EBPHis2 
ANTISENSE ATATTGGATATTGGATATTGGATATTGG 
 
 
E.coli XL-1 Blue on LB + kanamycine. The constructs were checked by sequence analysis 
after plasmid isolation (Promega SV minipreps). 
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Yeast strain, transformation and media 
The yeast strain provided in the kit is Y187. It is auxotrophic for histidine, tryptophan, 
leucine and adenine (his3-200, trp1-901, leu2-3. ade2-101), which allows us to use these 
nutritional markers for selective purposes in experiments. 
 Yeast cells were grown on YPDA agar (rich medium supplemented with adenine-
hemisulphate) every month and kept as a back up at 4°C.  
 Competent yeast cells were grown overnight at 30°C, with one re-inoculation from 50 
ml to 100 ml, until OD600=0.4-0.5. Following centrifugation with one washing step with 
sterile demineralized water and one with 1.1XTE/Lithium acetate the cells were re-
suspended in 1.2 ml 1.1XTE/lithium acetate. The competent cells were transformed using 
the PEG/lithium acetate protocol in which the DNA of interest (one or two plasmids 
together with cDNA) is mixed with excess denatured carrier DNA (herring testes DNA) 
and PEG/lithium acetate. After heat-shocking in the presence of DMSO, the DNA enters 
the cells. After a recovery period, in rich YPD plus medium, the cells were re-suspended in 
0.9% NaCl solution and plated out on the appropriate medium. 
 The screening of transformants was performed on SD media (SD: synthetic dropout, a 
medium containing the necessary carbon and nitrogen source, adenine-hemisulphate, 
vitamins and trace elements, but lacking the amino acid necessary for the selection). The 
pHis2 vector contains a trp marker gene and the his3 gene. In the pGADT7rec2 vector, in 
which the cDNA clones are recombining, the leu2 gene is integrated 
 
Optimization of the 3-AT concentration to suppress leaky his3 expression 
In order to suppress the leaky expression of his3, and hence background growth on SD 
medium lacking histidine, 3-amino-1,2,4-triazole (3-AT), a competitive inhibitor of the 
HIS3 protein, was used. The five pHis2 bait constructs were tested in a dose response 
manner for growth on SD/-His supplemented with a range of 3-AT concentration from 0-
60 mM. Following transformation of 50 µl of competent cells with the appropriate bait 
construct, they were re-suspended in 1 ml of 0.9% NaCl solution and plated out. The 
plates were incubated for 3-5 days at 30°C and the emerged yeast colonies were counted. 
The 3-AT concentration at which only very small colonies, the size of a pin’s head, 
emerged was assumed to efficiently inhibit leaky expression and hence used to screen for 
yeast one-hybrid interactions. 
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Screening for one-hybrid interactions 
Six hundred µl of competent cells were co-transformed with 5 g of the desired bait 
plasmid, 3 µg of SmaI linearized pGADT7rec2 expression vector, an appropriate amount of 
double stranded cDNA (>2 µg is recommended) and an excess of denatured carrier DNA 
(herring testes DNA). The cDNA library was added as linear fragments, because it 
recombines into the linearized pGADT7rec2 plasmid in the yeast cells. 
 Following the Li acetate transformation procedure the transformation mixture was re-
suspended in 6 ml of 0.9% NaCl solution and plated out on 144 cm2 SD/-His/-Leu/-Trp 
agar plates with the optimized concentration of 3-AT. The transformation efficiencies of 
the bait plasmid, the expression plasmid and the two together were determined by plating 
out serial dilutions of the transformation on respectively SD/-Trp, SD/-Leu and SD/-
Leu/-Trp. A negative and positive control transformation, for which the reagents were 
provided in the kit, was run along every time a screen was performed. 
 A new manual was issued by Clontech on July 6th 2007, in which an improved 
screening procedure was proposed. When the leaky expression of a bait construct was not 
inhibited by 50 mM 3-AT, it was suggested to do the screen instantly on SD/-His/-Leu/-
Trp + 100 mM 3-AT. This very stringent 3-AT concentration would prevent the emergence 
of false-positives which only have a weak interaction with the bait sequence. Also,  one 
should plate out the transformation as dilute as possible. In this way false-positive 
colonies, which would grow by diffusion into the agar of the lacking amino acids from 
untransformed decaying cells and large true-positive colonies, could be avoided. The last 
screen we performed has been done in this way. The agar plates were incubated for 3-5 
days at 30°C. 
 
Re-testing the phenotype, rescue of the cDNA cloned in the pGADT7rec2 expression vector and 
sequence analysis 
Clones growing on SD/-His/-Leu/-Trp + 3-AT were PCR-screened with the 5’ and 3’ LD 
primer pair and analyzed on a 1.5% ethidium bromide agarose gel. Clones with a 
significant insert were streaked out on the same medium and growth was confirmed if 
single colonies emerged. Beside this a confluent layer was streaked out to harvest for the 
rescue procedure.  
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The rescue procedure is necessary for the separation of the bait plasmid from the 
expression plasmid. Up to 4 cm2 were scraped off the agar and re-suspended in yeast lysis 
buffer (50mM Tris-HCl [pH 7.5], 1.2M sorbitol, 10mM EDTA and 10mM beta-
mercaptoethanol added just before use). This suspension was incubated overnight at 37°C 
with 200 U of lyticase (Sigma Aldrich) in order to lyse the cell wall. The following day a 
miniprep procedure (Promega SV minipreps) was performed on this lysate. Ten µl of this 
miniprep were transformed by electroporation into E.coli XL-1 Blue competent cells and 
plated on LB + ampicilline agar. 
 The resulting clones in Escherichia coli were PCR-screened with the 5’ and 3’ LD primer 
pair and analyzed on a 1.5% ethidium bromide agarose gel. The size of the insert was 
checked and selected colonies were grown up in LB + ampicilline. After the miniprep 
procedure, the insert was sequenced using the T7 promoter primer and Big Dye v1.1 
(Applied Biosystems) on an AB3100 capillary sequencer. 
 Sequences were trimmed, checked and contigs were made in Vector NTI v10.0.1. The 
sequences were annotated after they were entered in the Collembase database 
(www.collembase.org) (for the methodology see Chapter 6). They were also screened for 
conserved protein domains, using InterProScan (http://www.ebi.ac.uk/InterProScan/). 
 
 
RESULTS AND DISCUSSION 
 
The efficiencies and titers of the seven executed screens are summarized in Table 2. The 
transformation efficiencies were low. The reason for this is unclear, because the procedure 
was executed according to the manufacturer’s instructions. The Clontech manual 
recommends screening at least one million co-transformants. The total number of rescued 
clones was 150.  
 The average length of the ESTs was 533 ± 172 bp.  They are summarized in Table 3, 
together with their blastn, blastx and InterProScan hits. Three cDNAs which code for 
potential DNA binding proteins with a function in transcriptional regulation were 
isolated, namely subunit 3 of the CCR4-NOT transcription complex (pmtA1His2), a Y-box 
protein homologous to the ypsilon schachtel of Drosophila melanogaster (interacting with 
pmtA1His2 and p4XHEREHis2) and a homologue of the D. melanogaster homeodomain 
containing protein defective proventriculus (interacting with pMREHis2). 
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 Many putative false positives resulted from the seven executed screens, although this 
was also reported in other yeast one-hybrid screens (Sikorski et al., 2006). A second 
reporter gene, lacZ, beside His3 can reduce the number of false positives (Deplancke et al., 
2006). In the high-throughput study described in the latter study, entire intestine specific 
promoters were collected in a promoterome library (average size 1690 bp). Other studies 
have been using tandem repeats of putative regulatory DNA binding elements (Khan et 
al., 2003; Zhou et al., 2006) or fragments of promoters (Valadao et al., 2002) instead. 
 The CCR4-NOT complex, of which in our study a cDNA homologous to the subunit 3 
was isolated and showed an interaction with the pmtA1His2 construct, is a multi-
functional protein complex involved in mRNA deadenylation (Bonisch et al., 2007), histone 
methylation (Mulder et al., 2007a), ubiquitinylation (Mulder et al., 2007b), transcriptional 
repression (Winkler et al., 2006) and induction (Mulder et al., 2005). Until now it is not 
known which subunits are DNA binding and what their consensus binding sites are. 
 
Table 2: Overview of the executed screens on the Orchesella cincta metallothionein 
promoter elements bait plasmids. The name of the bait construct, the concentration 3-AT 
in the triple dropout medium, the miniprep series, the number of transformants with the 
bait plasmid (SD/-Trp), the number of transformants with a cDNA expressing 
pGADT7rec2 expression vector (SD/-Leu) and the number of cotranformants (SD/-Leu/-
Trp) 
 
Screen Bait construct [3-AT] MP series SD/-Trp SD/-Leu SD/-Leu/-Trp 
1 pmtA1His2 30 mM MP A 5.4.105 4.2.105 7.2.105 
2 p4XAREHis2 30 mM MP B 2400 6600 600 
3 p4XC/EBPHis2 30 mM MP C 1.2.105 5.76.104 1.86.104 
4 p4XHEREHis2 30 mM MP D 8.4.104 3600 6.0.105 
5 pMREHis2 50 mM MP E 1.16.105 2.22.105 5.4.104 
6 p4XAREHis2 30 mM MP F 1.40.105 3.60.105 7.7.104 
7 pMREHis2 100 mM MP G 2.27.105 1.19.105 4.35.104 
 
 
 Y-box proteins, such as the ypsilon schachtel homologue interacting with the pmtA1His2 
and p4XHEREHis2 constructs, are nucleic acid binding proteins (Matsumoto, Wolffe, 
1998) by their cold shock domain. They destabilize nucleic acid duplexes by binding to the 
CCAAT consensus motif (Matsumoto, Wolffe, 1998). The Drosophila ypsilon schachtel 
protein is involved in an ovarian ribonucleoprotein which regulates the stability and the 
translocation of mRNA (Mansfield et al., 2002). In Xenopus, Y-box proteins are involved in 
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the tissue-specific and temporal control of hsp70 expression (Tafuri, Wolffe, 1990). In our 
study the ypsilon schachtel homologue was not observed among the clones interacting with 
the p4XC/EBPHis2, which is a fourfold tandem repeat of the CCAAT sequence. Positive 
interactions between the expressed ypsilon schachtel homologue and both the pmtA1His2 
and p4XHEREHis2 were observed. The latter bait plasmid is a fourfold tandem repeat of a 
putative molting hormone receptor binding site, located in the 5’ UTR, overlapping with 
the initiator. The latter also contains the CCAAT motif, because of the overlap of the 
putative binding site with the introduced ATT spacer. 
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 A homeobox domain containing transcription factor homologous to the D. melanogaster 
dve (defective proventriculus) was picked up with the pMREHis2 bait vector. The defective 
proventriculus protein is a mediator of the wingless expression in the wing disc and the 
embryonic proventriculus (Nakagoshi et al., 2002), a regulator of the differentiation of 
copper cells in the D. melanogaster midgut (Nakagoshi et al., 1998). The S. cerevisiae CUP9 
protein is also a homeodomain containing putative transcription factor, able to 
complement the Cup1 Ace1 metallothionein system (Knight et al., 1994). 
 We were not able to pick up any of the predicted transcription factors predicted by 
Janssens et al. (2007). For example the metal responsive transcription factor (MTF-1), which 
is a DNA binding protein with a major role in the transcriptional regulation of 
metallothioneins from fly to humans (Haq et al., 2003). The Drosophila MTF-1 contains six 
Cys2His2 Zn-fingers, which are involved in binding to the metal responsive element (MRE) 
(Zhang et al., 2001). The medium used in the screens did contain a nominal concentration 
of 6.11 µM Zn, but maybe this was not sufficient to activate the Zn fingers. Another 
possibility is the need for protein cofactors (Jiang et al., 2004) or post-translational 
modifications of the MTF-1, such as phosphorylations (Adams et al., 2002), although it is 
not required for the DNA binding. Timmermans (unpublished results) was not able to 
find MTF-1 after PCR using degenerated primers and screening of an O. cincta genomic 
library. It is well possible that in this primitive arthropod species, no MTF-1 homologue 
exists, like in Lumbricus terrestris (Stürzenbaum et al., 2004) and C. elegans (Swain et al., 
2004). However, why the O. cincta pmtluc constructs are so active in a Drosophila cell line 
(Janssens et al., 2007), which has MTF-1, remains unclear. 
 Beside more extensive future screens, including an additional reporter gene, the 
binding properties of these three positive interactions should be checked by ChIP 
(chromatin immunoprecipitation) in the yeast reporter and in vivo (Deplancke et al., 2006), 
after their entire sequence has been determined.  
From this study, from which cDNAs encoding some unexpected transcription factors were 
isolated, we can conclude that the nature and mechanism of metallothionein 
transcriptional regulation in Orchesella cincta remains elusive. 
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Adaptive differences in gene expression associated with stress tolerance in 
the soil arthropod Orchesella cincta 
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ABSTRACT 
 
Field-selected tolerance to heavy metals has been reported for Orchesella cincta 
(Arthropoda: Collembola) populations occurring at metal-contaminated mining sites. This 
tolerance is correlated with heritable increase of metal excretion efficiency; less 
pronounced cadmium induced growth reduction and, over-expression of the 
metallothionein gene. We applied transcriptomics to determine differential gene 
expression caused by this abiotic stress in reference and cadmium tolerant populations. 
Many cDNAs responded to cadmium exposure in a reference population. Significantly 
fewer clones were cadmium responsive in tolerant animals. Analysis of variance revealed 
transcripts that interact between cadmium exposure and population. Hierarchical 
clustering of these clones revealed two major groups. The first one contained cDNAs that 
were up regulated by cadmium in the reference culture, but non-responsive or down 
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regulated in tolerant animals. This cluster was also characterized by elevated constitutive 
expression in the tolerant population. Gene ontology analysis revealed that these cDNAs 
were involved in structural integrity of the cuticle, anti-microbial defense, calcium-channel 
blocking, neurotransmitter transport, chromatin remodeling and, endoplasmatic vesicle 
activity. The second group consisted of cDNAs down regulated in reference animals but 
not responding or slightly up regulated in tolerant animals. Their functions involved 
carbohydrate metabolic processes, Ca2+ dependent stress signaling, proteolysis and 
digestion. The reference population showed a strong signature of stress-induced genome-
wide perturbation of gene expression, whereas the tolerant animals maintained normal 
gene expression upon cadmium exposure. We confirmed the micro-evolutionary processes 
occurring in soil arthropod populations and suggest a major contribution of gene 
regulation to the evolution of a stress-adapted phenotype. 
 
 
INTRODUCTION  
 
Wray (2007)  and Purugganan (2000) proposed that variation in transcriptional regulation 
is a major driver of evolution. Recent studies indeed show that selection for altered 
transcriptional regulation can be a powerful mechanism for micro-evolution (Daborn et al., 
2002; Gompel et al., 2005; Rockman et al., 2005; Schulte et al., 2000; Shapiro et al., 2006; 
Whitehead, Crawford, 2006b). Moreover, adaptive transcriptional responses towards 
natural (Knight et al., 2006) and anthropogenic (Fisher, Oleksiak, 2007) stressors in the 
environment are reported. Earlier, we presented data suggesting that evolution of metal 
tolerance in the soil-living invertebrate Orchesella cincta (Arthropoda: Collembola, 
springtails) involves altered transcriptional regulation. A tolerant population of springtails 
showed increased expression of the metal detoxifying protein metallothionein (mt) 
compared to a reference population (Roelofs et al., 2007; Sterenborg, 2003a; Timmermans et 
al., 2005a). Moreover, in a reference population cadmium induced mt overexpression 
contained a significant heritable component (Roelofs et al., 2006), suggesting that selection 
can act on elevated mt function in springtails at sites where cadmium levels are a potential 
threat to their fitness (Timmermans et al., 2005a). The increase in transcriptional activation 
of mt may account for enhanced excretion efficiency that was observed in a tolerant 
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population (Posthuma et al., 1993). However, it cannot explain other aspects of the metal-
tolerant phenotype, such as earlier reproduction and the less outspoken growth reduction 
upon cadmium exposure that was reported by Posthuma and co-workers (1993). 
 Differential gene expression patterns due to adaptation to heavy metals are poorly 
understood. Orchesella cincta is a soil dwelling arthropod that contains both sensitive as 
well as metal-tolerant populations and is thus an appropriate model to address the effect 
of heavy metals on the stress response system as well as identifying genes that are 
possibly involved in metal tolerance. However, being a non-genomic model organism, 
DNA sequence information is lacking for O. cincta. In such a case it is efficient to construct 
cDNA libraries enriched for genes that potentially respond to the exposure under 
investigation, such as suppression subtractive hybridization (SSH) (Diatchenko et al., 
1996). For instance, Gracey et al. (2001) used SSH in combination with microarray analysis 
to investigate tissue specific and temporal changes in gene expression levels in the non 
genomic model organism Gillichthys mirabilis (long-jaw mudsucker) exhibiting tolerance to 
hypoxia. This study illustrates that it is possible to reconstruct a considerable fraction of 
the expressed genome even in organisms for which little genomic information existed 
before.  
 Recently, we (Roelofs et al. 2007) employed the SSH method to screen for genes that are 
differentially expressed in O. cincta upon cadmium exposure. We used Quantitative PCR 
to compare transcription profiles of the reference culture with those of cadmium tolerant 
animals originating from two locations near an abandoned lead/zinc mine near 
Plombières (Belgium).  More insight was obtained into 1) the mechanism of toxicity by 
identification of additional responsive genes, 2) the adaptive mechanisms of cadmium 
tolerance. The most intriguing result was the general lack of a stress response in the two 
tolerant cultures. Most of the assayed genes, differential between populations, showed no 
significant up regulation upon cadmium exposure in the two Plombières populations. In 
fact, three genes showed significant down regulation. We suggested a mechanism of 
adaptation through constitutive detoxification of cadmium preventing the increase of free 
metal ion concentrations which would harm cellular homeostasis and integrity. It may 
involve constitutively high levels of mt mRNA present in tolerant animals, providing 
sufficient protein to effectively chelate any free cadmium (Sterenborg, Roelofs, 2003; 
Timmermans et al., 2005a). Five additional genes showed a similar pattern (low 
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constitutive expression in reference populations and high constitutive expression in 
tolerant populations). Two of these genes, being a MAPK phosphatase and a protein 
tyrosine kinase homologue, were proposed to be involved in modulating MTF-1 (metal 
transcription factor, which is the major transcription factor regulating mt transcription) 
(Saydam et al., 2002; Saydam et al., 2001), or some of its co-factors (Jiang et al. 2004), 
although the precise mechanism is far from clear. It was suggested that selection on 
constitutive regulation of stress response genes was important to develop metal tolerance 
(Sturzenbaum et al., 2001) in a polluted ecosystem. This mechanism was also proposed in 
plants living on metal contaminated soils and seems therefore of broad relevance (Roelofs 
et al. 2008). To study the relevance of transcriptional regulation in stress tolerance we 
applied transcriptomics to determine differential gene expression caused by an important 
environmental stressor (cadmium) in a reference and cadmium tolerant population. Our 
results suggest that the cadmium-induced stress response is dramatically diminished in 
tolerant animals. It suggests a major contribution of gene regulation to the evolution of a 
stress-adapted phenotype. 
 
 
MATERIAL AND METHODS 
 
Origin and exposure of animals 
Orchesella cincta (Collembola) from the laboratory population (LC) at the department of 
Animal Ecology, Vrije Universiteit Amsterdam were taken as the reference group. This 
population originated from a pine forest from the reference area (Roggebotzand, the 
Netherlands, latitude N = 52 º 34’17’’, longitude E = 5 º 47’56’’) that contains on average < 
0.5 µg cadmium per gram litter and humus (Janssens et al., 2008; van Straalen et al., 1987). 
Tolerant animals were collected from randomly selected litter samples at two areas of the 
abandoned, but still heavily polluted lead/zinc mining site of Plombières (Belgium, 
latitude N = 50˚44’03’’, longitude E = 5˚58’02’’): the locations contain an average cadmium 
concentration between 10 and 52 µg.g-1 soil (Lock et al., 2003; Sterenborg, 2003a; van 
Straalen et al., 1987). To diminish putative environmental effects from the field the animals 
were reared in a climate room (20°C, 75% humidity, LD 12 h:12 h) in PVC jars on a moist 
plaster of Paris layer feeding on algae present on twigs for at least three generations before 
experimental treatment.  
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 Animals were exposed to cadmium (nominal concentration of 112,4 µg cadmium.g-1 
dry algae) for 2 days, directly after molting, via the food according to Roelofs et al. (2006) . 
This exposure concentration is two times the no observed effect concentration (NOEC) for 
reproduction in chronically exposed animals (van Straalen et al., 1989). The above 
mentioned cadmium concentration in short term exposure experiments results in internal 
body concentrations that are comparable to internal body concentrations measured in 
animals collected from the Plombières sites (Sterenborg, 2003a). Total RNA was extracted 
from eight times 12 pooled animals per treatment using SV Total RNA Isolation system 
(Promega) and quantified on a Nanodrop ND-1000 Spectrophotometer (Nanodrop 
Technologies). Total RNA was visualized on a 1.5% agarose gel to verify its integrity. 
 
Microarrays, labeling and scanning 
We amplified cDNAs from our previously obtained cadmium exposed SSH library 
(Roelofs et al., 2007) together with clones derived from a cDNA library of cadmium-
exposed gut tissues (Janssens , Kille, Stürzenbaum & Roelofs, unpublished data) with 
amine-linked primers. Amine-tagged cDNAs were spotted onto Codelink Activated slides 
(GE Healthcare). Each cDNA was printed twice on one array and two arrays were printed 
on one slide, so that each cDNA was four times technically replicated on a slide. Pins of 
the printer resampled the cDNAs before printing the replicate array, so each slide contains 
two separately printed arrays.  
 A direct comparison was applied of all treatments and populations in a closed loop 
experimental design (Figure 1). About 20 µg of total RNA was labeled by the 
incorporation of 5-(3-aminoallyl)-dUTP (Ambion) during cDNA synthesis with 
superscript II reverse transcriptase (Invitrogen) and an oligo(d)T15 probe. Subsequently, 
amine-labeled cDNA was treated with Fluorolink Cy-3 or Cy-5 monofunctional dyes 
(Amersham). After removal of unincorporated fluorescent dyes, with a PCR clean up 
column (Qiagen), labeled cDNA was eluted in nuclease free water and stored at -80˚C 
until hybridization. 
Hybridization of labeled cDNAs was performed according to Bergman et al. (2005) with a 
modified hybridization buffer (0.14 g/ml dextrane sulfate, 75% formamide, 3XSSC, 60 µg 
t-RNA and 24 µg human cot-1 DNA, Amersham) at 37 ˚C in a HybArray 12 (Perkin Elmer) 
for 14 hours. Wash steps were also performed in the HybArray 12 and included one step 
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with 50% formamide/2XSSC, one step with phosphate buffer followed by three steps with 
SSC (0.2X, 0.1X, and 0.01X). 
 Labeled cDNAs bound on microarray slides were quantified with a DNA Microarray 
Scanner (Agilent, US). Images were analyzed using Bluefuse microarray analysis software 
(version 3.2, BlueGnome, UK) in order to calculate background corrected log2 gene 
expression ratios of Cy3/Cy5 signals. From the 1920 cDNAs 262 were omitted from 
further analysis because of aberrant spot morphology. 
 
Statistics and bioinformatics 
Log2 transformed Cy3/Cy5 ratios were analyzed using R/Linear Models for Microarray 
Data (LIMMA) (Wettenhall, Smyth, 2004). First, data were smoothed by applying the 
global lowess correction method. Subsequently, cDNAs were obtained that were 
significantly affected by cadmium exposure (p<0.05). Significance values were adjusted for 
multiple testing using the Benjamini Hochberg algorithm (Benjamini, Hochberg, 1995). 
ANOVA analysis was performed using the Microarray Analysis of Variance package in 
the R environment (R/MAANOVA; Cui and Churchill, 2003) . First, values of the four 
technically replicated spots for each cDNA were collapsed, as this yields similar results 
using non-collapsed technical replicates (Wu, Churchill, 2006). Then, a lowess correction 
was conducted as described above to normalize for dye effect. Hypothesis testing was 
carried out using F permutation tests with no differential expression as null hypothesis. 
The mixed model was tested using the variables “array” and “sample” as random factors 
and “dye”, “population” and “cadmium” as fixed factors. The interaction between 
“cadmium’ and “population” was tested by executing 2000 permutations. The terms 
“population” and “cadmium” were tested as independent factors as well, omitting cDNAs 
that showed a significant interaction between the two terms. The resulting tabulated p 
values were adjusted for a false discovery rate of 0.1 %. Finally, the very conservative 
Bonferroni correction was applied to retrieve the most significant gene sets; all cDNAs 
with adjusted p values lower than 0.05 were regarded as significant.  
 Differentially expressed cDNAs were hierarchically clustered using complete linkage 
within the Pearson uncentered distance method and visualized by TIGR Multi Experiment 
Viewer software (Saeed et al., 2003). The significant clones were sequenced and analyzed 
using the Partigene (Parkinson et al., 2004) Perl scripts. In summary, the different 
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sequences were assembled into groups of unique gene fragments (unigenes). 
Subsequently, the sequences within each cluster were assembled using Phrap (Gordon, 
2008). The obtained contig-sequences were then subjected to a BLAST (McGinnes, 
Madden, 2004) search (BLASTX) against the non-redundant database (GenBank Release 
163; http://www.ncbi.nlm.nih.gov/Genbank/). In addition, all gene clusters were 
assigned Gene Ontology terms using the Annot8r Perl script that used BLAST searches 
against the UniProt database (Schmid, Blaxter, 2008). All EST sequences are submitted to 
GenBank (Accession Numbers) and are additionally available on Collembase 
(Timmermans et al., 2007b) (www.collembase.org). The function getGOGraph of the R 
package GOSim (Fröhlich et al., 2007) was applied to generate a Gene Ontology hierarchy 
for several clusters. 
 
 
RESULTS 
 
We first assessed the effect of cadmium in each population separately. Figure 2 shows the 
results for each population, graphically represented by a volcano plot (Jin et al., 2001). 
Gene expression ratios from the reference culture reflect a severe transcriptional response 
to cadmium: 1091 cDNA clones showed a significant (adjusted p value < 0.05) response to 
the exposure. The suppression subtractive hybridization procedure enriches for up 
regulated clones upon treatment. Indeed, approximately 2/3 of the significant cDNAs 
were up regulated in reference population and the range of up regulation was broad, 
reaching a maximum of 270 fold up regulation of clone 7A04. The remaining down 
regulated genes showed a more narrow range with 19 fold down regulation of clone 12F8 
as the most down regulated clone. A total of 306 clones showed significant regulation 
higher than a  10logP value of 10.  
 A smaller fraction of cDNAs (791) was significantly affected by cadmium exposure in 
the tolerant population from Plombières (Figure 2b). Also, the responses were less 
significant in tolerant animals as compared to reference animals: only 63 clones showed a 
response with significance of –10logP > 10. Finally, the amplitude of regulation was much  
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Figure 1. Experimental design. C: Labculture (reference strain) and P: Plombières culture 
(2nd generation lab culture of field collected tolerant animals). Y: 112.4 g Cd/g dry food, N: 
clean food. 
 
 
less in tolerant animals, ranging from 6 fold down regulation (19A3) up to 28 fold up 
regulation (19E7). Reference animals obviously showed a much more profound regulatory 
change upon cadmium exposure, both in maximum fold change, as well as in significance 
of the transcriptional response, while tolerant animals from Plombières are less affected by 
cadmium. 
 We hybridized not only cadmium exposed with non-exposed animals for each 
population, but we also directly compared non-exposed tolerant animals with non-
exposed reference animals and cadmium-exposed tolerant animals with cadmium-
exposed reference animals in a loop design (Figure 1). Thus, we are not only able to 
determine which genes are affected by cadmium exposure or genetic background 
(population), but also to identify genes that respond differently to cadmium exposure 
depending on the genetic origin of the animals (interaction between cadmium and 
population). A significant dye effect was observed in two clones (12A04 and 5A08), which  
 
PY 
CY 
PN 
CN 
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Figure 2. Volcano plot of cadmium exposure. A: Differential gene expression of cadmium 
exposed reference culture. B: Differential gene expression of cadmium exposed tolerant 
culture from Plombières. X-axis: log2 gene expression ratios (Cd exposed vs. non exposed 
animals), y-axis: level of significance (-logP values) of differential expression. 
 
 
were omitted from further analysis. When p values were adjusted for false discovery rate 
of 0.1% 224 clones were significantly affected by cadmium, 221 clones were significantly 
affected by population and 606 clones showed a significant interaction between cadmium 
and population. When applying the more conservative Bonferroni correction to the 
A 
B 
Chapter 6 
134 
ANOVA calculations we retrieved 391 cDNAs showing an interaction between cadmium 
exposure and population, 74 clones were treatment-specific and 72 were population- 
specific clones. These clones were sequenced and subjected to BLAST in order to retrieve 
information about homology with functionally characterized genes. Seventeen clones gave 
high BLAST scores with fungal and bacterial Genbank accessions and were thus omitted 
from further analysis.  
 The cadmium responding clones clustered in two groups: down regulated by cadmium 
and up regulated by cadmium (Figure 3). The 74 significant clones assembled in 46 unique 
genes (unigenes); about two third of the clones were down regulated and the remaining 
clones were up regulated due to cadmium exposure. We retrieved BLAST hits for only six 
clusters and gene ontology analysis revealed that six biological processes were affected by 
cadmium. Two unigenes, involved in phospholipid and fatty acid biosynthesis (Occ00139, 
Occ00165), were down regulated upon cadmium exposure. Innexin (Occ00332), belonging 
to a gene family involved in gap junction formation between cells, was up regulated. Also, 
a melted homologue, with a pleckstrin domain (Occ00070) was up regulated. Finally, the 
well known stress biomarker acetylcholine esterase was down regulated upon cadmium 
exposure. 
 The 72 population specific clones were assembled in 53 unigenes, of which 18 showed 
homology to sequences in the public databases. Gene ontology analysis revealed 13 
biological processes, of which six comprised general gene expression processes like RNA 
splicing, translation and protein folding. Furthermore, two unigenes (Occ00271, Occ542) 
contain transmembrane proteins of the tetraspanin family. They are residential of 
lysosomes and are implicated in phagocytosis. Also, unigene Occ00572 is associated with 
the lysosome. Additionally, we identified unigenes that are involved in actin 
depolymerization (cofilin-like) and binding (profilin, Occ00239). Figure 4 shows that all 
these clones revealed a lower expression in the animals from the tolerant population 
compared to reference animals except one clone (unigene Occ00388, containing a 
BTB/Kelch motif), which exhibited elevated levels in the tolerant animals. 
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 From the 391 interacting clones 157 were up regulated by cadmium in the reference 
population and down regulated or did not show differential expression in the tolerant 
population, whereas the basal expression was generally higher in tolerant animals than in 
reference (Figure 5). These 157 cDNAs assemble into 88 unigenes, of which 24 showed 
homology to known gene sequences in public databases. Six unigenes (Table 1) showed 
high homology to cuticle protein and GO analysis assigned these to the biological process  
‘structural constituent of the cuticle’. In addition, an endochitinase (Occ00140) was 
identified, suggesting that exoskeleton maintenance is severely affected by cadmium. Two 
unigenes were identified as putative diapausin (Occ00233 and Occ00249), and one unigene 
was highly homologous to peritrophin (Occ00173). Both diapausin and perithrophin are 
involved in anti-microbial defense in the midgut. Furthermore, heat shock protein 40 
(Occ00117) was identified, involved in protein refolding. DNA replication seems to be 
elevated in cadmium exposed reference animals and unexposed tolerant animals (DNA 
polymerase delta catalytic subunit, Occ00568). In addition, unigene Occ00113 shows 
homology to Yif1, a protein essential in vesicle transport from the endoplasmatic 
reticulum to the Golgi apparatus. Also, both unigenes Occ00310 (homologous to HCNGP) 
and Occ327 (E1A binding protein p300) are regulators of transcriptional activity via 
histone acetylation. HCNGP acts as a repressor by attracting histone deacetylase, while 
p300 is a transcriptional activator via its intrinsic histone acetylase activity. Finally, 
neuromuscular transmitter activity seems also affected by cadmium: a sodium/chloride 
dependent amino acid transporter was identified that may be involved in GABA 
neurotransmitter activity.  
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Figure 3. Pearson uncentered (complete linkage) clustering of clones significant for 
cadmium treatment (p < 0.05, after Bonferroni correction). Red: up regulation, green down 
regulation., labels are Cluster IDs (see Table 1). Each lane represents a hybridization of one 
biological replication . 
 
 
 
Figure 4. Pearson uncentered (complete linkage) clustering of clones significant for term 
strain (p < 0.05, after Bonferroni correction). Red: up regulation, green down regulation, 
labels are Cluster IDs (see Table 1) 
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Figure 5. Pearson uncentered (complete linkage) clustering of clones that show a 
significant interaction between Cd treatment and strain (p < 0.05, after Bonferroni 
correction). Red: up regulation, green down regulation., labels are Cluster IDs (see Table 
1). A. up regulation by cadmium in reference culture and non responsive or down 
regulated in tolerant animals. B. down regulation by cadmium in reference culture. 
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 The remaining 234 clones, that show a population specific response to cadmium, are 
characterized as down regulated in the reference population upon cadmium exposure and 
exhibit generally lower constitutive expression in tolerant animals (Figure 5b). They 
assembled into 171 unigenes, of which 77 showed significant BLAST hits to known gene 
sequences. Gene ontology analysis revealed that diverse biological processes are down 
regulated in reference animals, but are less responsive in tolerant animals upon cadmium 
exposure. Overall, general metabolic processes seem to be affected, at least eight unigenes 
were identified to be involved in energy metabolism (Table 1). Furthermore, a clear 
signature of digestive inhibition due to cadmium toxicity was identified in reference 
animals: eight unigenes were homologous to proteases. Again these genes were unaffected 
by cadmium in tolerant animals, when compared to reference populations. Several chitin 
binding proteins and another peritrophin (Occ00075) anti-microbial peptide were less 
down regulated by cadmium in tolerant animals compared to the reference population. 
 Surprisingly, genes involved in a possible stress activated protein kinase signaling 
pathway (SAPK), involving phosphatidylinositol and calcium signaling (e.g., 
phosphatidylinositol transfer protein lipid binding domain (Occ00267), phosphoinositide-
specific phospholipase C (Occ00495), mitogen-activated protein kinase kinase 4 
(Occ00705), protein kinase C (Occ00149) and protein tyrosine phosphatase (Occ00205)) 
were down regulated in reference animals, but were non-responsive or slightly up 
regulated in tolerant animals. Moreover, some more specific targets were transcriptionally 
affected in similar ways. They include a glutathione-S-transferase (Occ00622), a 
mitochondrial hsp70 (Occ00250), aquaporin (Occ00543, water homeostasis), myosin heavy 
chain (Occ00467, myofibril assembly) and an ABC transporter (Occ00771). Finally, the O. 
cincta metallothionein cluster was identified in this group of interacting genes. As shown 
in Figure 5, metallothionein is up regulated both in reference and tolerance animals upon 
cadmium exposure. This is in accordance with previous studies, so that its position in the 
group of down regulated clones may be an artifact of the hierarchical clustering method. 
However, in contrast to previous quantitative RT-PCR data basal expression levels of mt 
seem to be lower in tolerant animals as compared to reference animals.  
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DISCUSSION  
 
The presented microarray data show that regulatory change of gene expression is an 
important factor explaining adaptation to heavy metals in natural O. cincta populations 
occurring at metal contaminated sites. The genes that respond to cadmium in a population 
dependent context may have been molecular target by which field-selected metal tolerance 
evolved. We show that stress response genes are less inducible in tolerant animals but 
exhibit high basal expression levels. This suggests that the cadmium detoxification 
mechanism is constitutively over expressed in tolerant animals, without disturbing 
cellular homeostasis. In addition, food uptake seems severely impaired in reference 
animals, while gene expression of digestive enzymes is hardly affected in tolerant animals. 
This may explain the observation by Posthuma et al. (1992) that cadmium exhibit less 
adverse effects on growth rate of tolerant animals. Finally, the stress activated kinase 
pathway seems to be adapted in such a way that tolerant animals are able to modulate the 
above mentioned processes in order to withstand chronic cadmium exposure. 
 Our study shows that suppression subtractive hybridization (Diatchenko et al. 1996) is 
an effective way to enrich for genes that are significantly up regulated by cadmium 
exposure. About half of the isolated clones were significantly affected by either cadmium, 
population or showed a significant interaction between population and cadmium. Even 
after applying the highly conservative Bonferroni correction about one third of the total 
cDNA clones present on the microarray remained significant (p< 0.05). One drawback of 
enrichment procedure is the redundancy introduced on the microarray. However, 
redundancy also indicates the importance of a particular gene/cluster in the cadmium 
response (Shaw et al., 2007).  
 In a previous quantitative RT-PCR study we determined the cadmium response of a 
reference culture and tolerant animals from Plombières for 26 clones (Roelofs et al. 2007). 
These clones were also used in the microarray study; however, the animals assessed were 
from cultures differing about one year. For substantial number of clones the direction of 
differential gene expression was comparable between the two quantification techniques, 
which resulted in a significant (p < 0.01) Pearson correlation coefficient of 0.6. Still, a 
substantial number of clones (8) showed opposite directions of gene regulation. Roelofs et 
al. (2007) reported seven clones that showed a significant interaction between cadmium 
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and population. We confirmed the significance of gene regulation for six of these clones. 
The clone (clone 02E09, cluster Occ00058) homologous to a MAPK phosphatase 
(slingshot), however, showed an opposite response when compared to the quantitative 
RT-PCR data of Roelofs et al. (2007). According to these data this gene was up regulated in 
cadmium exposed reference animals, while it was down regulated in cadmium exposed 
reference animals according to the microarray data. Another inconsistency was observed 
when constitutive levels of metallothionein (mt) gene expression levels were compared 
between reference and tolerant animals. Quantitative RT-PCR analysis from previous 
studies (Roelofs et al., 2007; Timmermans et al., 2005a) revealed a highly significant 
elevated constitutive expression of this gene in non-exposed tolerant Plombières animals 
when compared to non-exposed reference animals. The array data showed, however, 
slight but significant lower constitutive mt RNA abundance in unexposed tolerant samples 
when compared to reference samples. In conclusion, the comparison with previous 
quantitative RT-PCR data suggests that the transcriptional profiles of these animals may 
change in time. 
 Very recently, genome wide transcriptional responses to cadmium have been studied 
in Daphnia (Poynton et al., 2007; Shaw et al., 2007) and comparison of these studies with 
our findings show some striking similarities of predicted protein classes upon cadmium 
exposure. First, metallothionein induction has been reported in Daphnia magna as well. 
Second, Poynton et al. (2007) reported significant down regulation of proteases and other 
digestive enzymes (glucanases). The O. cincta reference culture showed a similar response 
in the same digestive processes, as well as in the energy metabolism. However, these 
processes were hardly affected in the tolerant population. The absence of an inhibitory 
effect on digestive enzymes could explain the smaller growth reduction upon cadmium 
exposure observed in tolerant populations (Posthuma et al., 1992). Furthermore, the study 
of Shaw et al. (2007) showed that cuticle proteins were up regulated by cadmium, just as in 
the case of O. cincta reference culture. Remarkably, the tolerant population did not show 
induction of these genes upon cadmium, but instead a high basal transcriptional level was 
observed. Other cuticular proteins were overexpressed during cadmium exposure in the 
tolerant population. These observations support the hypothesis of a complex molting cycle 
regulated cadmium excretion mechanism (Joosse, Buker, 1979), in which midgut 
epithelium morphogenesis takes place (Bauer et al., 2001). This may also be related to the 
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induction of an innexin (gap junction component) by cadmium. The induction of innate 
anti-microbial defense mechanisms, such as diapausin and peritrophin, in the reference 
population (and the elevated constitutive expression in tolerant animals) are possibly due 
to damage of the cell membrane. Oxidative stress causes peroxidation of phospholipids 
(Stohs et al., 2000) and this could make the midgut epithelium vulnerable to infections by 
microorganisms. Alternatively to the N-type voltage gate blocking anti-fungal mechanism, 
diapausin structural studies of the leaf beetle Gastrophysa atrocyanea (the same accession as 
the blast hits in this study) revealed a calcium-channel blocking function (Kouno et al., 
2007). Because the primary uptake route of cadmium takes place through calcium 
channels (Craig, 1999; Fukuda, Kawa, 1977), the induction of diapausins may represent a 
primary defense mechanism upon cadmium exposure by blocking the animal’s own 
channels. These diapausins exhibit a constitutive elevated expression in the tolerant 
population from Plombières, for which, due to the impaired calcium uptake, a calcium 
homeostasis related trade-off could exist. Moreover, diapausin is down regulated upon 
cadmium exposure in the tolerant animals, which suggests a need for calcium in the 
tolerance mechanism, such as replenishment of the calcium stores in the smooth 
endoplasmatic reticulum. The tolerant population also has basally lower expression levels 
of the potassium-dependent sodium-calcium exchanger (calcium channel). This 
hypothesized calcium bases mechanism of the cadmium tolerant phenotype, in which the 
influx of cadmium is restricted, may exist complementary to the elevated efflux in the 
tolerant populations, i.e. the elevated cadmium excretion efficiency. 
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Figure 6. GO graph of biological process with clusters identified in the Stress activated 
protein kinase pathway (gray circles). Open circles indicate related biological processes 
that have not been identified in the current study. 
 
 
 The steady state or subtle induction by cadmium in tolerant animals of genes, of which 
the protein products are involved in the stress-activated protein kinase (SAPK) cascade, 
may point to an adaptive micro-evolutionary process or may be merited by an increased 
first-line defense at the calcium channels. We identified four members of the pathway 
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(Figure 6) in which proteine kinase C is activated by phosphatidylinositol and calcium 
signaling, and triggered by oxidative stress caused by glutathione depletion and reactive 
oxygen species generation by cadmium (Stohs et al., 2000) (Figure 6). Although in 
vertebrates cadmium stress signaling involves SAPK and down stream targets such as 
MTF-1 (Matsuoka et al., 2004; Saydam et al., 2002), the exact mechanism and the mode of 
post-translational modifications remains elusive. 
 The induction, in both reference and tolerant animals, of a melted homologue with a 
pleckstrin domain, suggests a link between trace metal metabolism and the TOR (target of 
rapamycin) pathway, a conserved signaling event, which determines plastic organismal 
growth based on nutritional status and environmental cues. In yeast, Drosophila and 
mammalian cells it is known to regulate about 5% of the genes (Reiling, Sabatini, 2006). 
The product of melted in D. melanogaster enhances, together with other interacting proteins, 
the inactivation of TOR, a signaling pathway that influences metabolism and growth. The 
TOR pathway involves transcriptional control of protein 4E-BP (elongation factor 4E-
binding protein). This protein is involved in oxidative stress signaling from the sensor 
Tsc1/2 complex towards the metabolism and growth (insulin/PI3K pathway) (Reiling, 
Sabatini, 2006), by recruiting the latter complex to the cell membrane region. Melted also 
inhibits the function of FOXO, which is a transcription factor for 4E-BP expression; 4E-BP 
is known as a metabolic brake under environmentally adverse conditions (Teleman et al., 
2005a; Teleman et al., 2005b). We suggest that induction of the melted homologue by 
cadmium in both reference and tolerant animals ensures the responsiveness of the cells to 
oxidative stress.  
 Anyhow, because of the large effect of cadmium on lipid biosynthesis and the 
hypothesized TOR/insulin/PI3K pathway, and because of the population specific 
expression upon cadmium exposure of members from the putative 
phosphatidylinsositol/calcium signaling pathway, it seems that these mechanisms are 
intertwined and dependent on the status of phospholipid bilayer, which is a site of action 
for ROS during conditions deviating from redox homeostasis. Moreover, proteins of the 
PI3K family play a pivotal role in between the two presumed pathways (Wymann, Pirola, 
1998). 
 In conclusion we have observed significant changes in transcription upon cadmium 
exposure. Many transcriptional responses show a highly significant interaction between 
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cadmium exposure and source of the population, i.e. reference or tolerant. The tolerant 
Plombières population is much less affected by cadmium exposure. Genes involved in 
stress response, exoskeleton maintenance, anti-microbial defense, calcium-channel 
blockers, and transcriptional regulation via histone acetylation- and deacetylation show a 
high basal expression and are less inducible in tolerant animals as compared to the 
reference culture. In contrast, genes involved in digestion, stress signaling and energy 
metabolism are less down or up regulated upon cadmium exposure and show a lower 
basal expression in tolerant animals when compared to the reference culture. Our 
observations confirm the micro-evolutionary processes occurring in soil arthropod 
populations at historically heavy metal-contaminated sites (Janssens et al., 2007). 
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Chapter 7  
 
 
GENERAL DISCUSSION 
 
The importance of regulatory mutations affecting the transcription of key genes in 
adaptive processes in field populations has been summarized by recent reviews (Chapter 
1). In the present study the role of a single candidate gene, metallothionein, in the micro-
evolution of heavy metal tolerance in Orchesella cincta is emphasized, because evidence for 
this process has been accumulating in the last twenty years. In Chapter 2, the 
polymorphisms in putative regulatory elements at the pmt locus, containing a 
metallothionein promoter, and its consequences for constitutive and induced expression 
levels are described. Dramatic differences in basal, cadmium and oxidative stress 
inducibility were observed in luciferase reporter assay in a Drosophila S2 cell line. The 
highest luciferase levels were measured with the cadmium-exposed pmtD2-luc 
transformed cells, suggesting that this allele has the highest cadmium inducibility. 
Subsequently, a population genetic field survey on 23 populations from varying heavy 
metal-contaminated sites in a limited biogeographic area, showed a strong correlation 
between the pmtD2 allele frequency and the total cadmium content of the soil. The 
frequency of this allele also discriminated best the populations from heavily polluted sites 
from the other populations in a linear discriminant analysis (Chapter 3).  
 However, it should be kept in mind that these luciferase reporter experiments were 
executed in a clonal and heterologous background with naked plasmid DNA (i.e. without 
any chromatin structure). If we assume, for the sake of the experiment, that the 
transcriptional machinery of a Drosophila S2 cell line (which is embryonic) is comparable to 
the in vivo situation of the adult O. cincta midgut, these results do show the regulatory 
potential of this stretch of sequence, without taking trans polymorphisms or epigenetic 
effects in the genetic background into account. In vivo, this population specific genetic 
background (tolerant or reference) overruled the effect of the pmt genotype and caused a 
reduced plasticity of Cd induced mt expression, due to an elevated basal expression 
(Chapter 4). This elevated basal expression, measured with quantitative RT-QPCR, has 
Chapter 7 
156 
been observed before in several populations from heavy metal-contaminated sites and did 
show a correlation with the total cadmium content of the soil (Timmermans et al., 2005a) 
(Krab et al., unpubl.). These processes can also be interpreted in the framework of the 
additive genetic variation concerning the heritability of cadmium-induced mt expression 
levels measured in a reference population from Roggebotzand. This latter population was 
lacking genetic variation for the elevated basal expressions, but not for the induction by 
cadmium (Roelofs et al., 2006). These observations by Roelofs et al. may support the dual 
mechanism of constitutive and cadmium induced mt expression. 
 The pmt locus also bears clear signs of recombination events and a signature of 
balancing selection in a tolerant population (Chapter 2). These results are supported by an 
increase of genetic diversity at this locus in populations from sites with elevated heavy 
metal contamination. This increase of diversity is accomplished by substitution of the 
pmtA1 allele (Chapter 3) and may be caused by the increased fitness of (certain) 
heterozygotes or environmental heterogeneity. Due to the suggested epistatic regulation 
of basal expression levels (Chapter 4) we may also classify the observed balancing 
variation at the pmt locus (Chapter 2 and 3) as non-neutral epistatic polymorphisms 
(Kroymann, Mitchell-Olds, 2005). Likewise, we may not exclude epigenetic processes, 
because balancing selection has been reported to be associated with silencing as well 
(Kawabe et al., 2007). Moreover, two chromatin remodelling genes, although with 
unknown function in O. cincta, do show an elevated constitutive expression level in the 
tolerant population (Chapter 6) and a subunit of a CCR4-NOT homologue, with a 
chromatin remodelling function, did exhibit a yeast one-hybrid interaction with the entire 
metallothionein promoter (Chapter 5). Unfortunately, the data do not allow us to pinpoint 
exactly the mechanisms of cadmium induced and basal expression levels, so they do 
remain elusive. The most cadmium-inducible allele (pmtD2) never becomes the most 
abundant allele in the population (Chapter 3), despite of its association with populations 
from heavily contaminated sites. Therefore, we assume that the elevated basal expression 
levels of mt play a more pronounced role in the tolerance to cadmium than plasticity in mt 
expression.  
 
The metallothionein system is not the exclusive transcriptional response upon cadmium 
exposure in O. cincta. When performing transcriptional profiling on a tolerant and a 
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reference population (with at least four generations of lab reared progenitors) a myriad of 
co-regulated genes, with a strain and cadmium specific expression profile (adaptive or 
not), have been observed (Chapter 6). 
 The reference population (Roggebotzand lab culture) shows a larger perturbation of 
transcriptional patterns upon cadmium exposure than a tolerant population (Plombières 
lab culture), which demonstrates the homeostatic functioning of the tolerant population at 
elevated cadmium levels. The reference population performs an upregulation upon 
cadmium exposure of genes involved in exoskeleton turnover, anti-microbial peptides, 
calcium-channel blockers and chromatin remodelling factors, which are constitutively 
expressed at elevated levels in the tolerant population. Genes involved in 
phosphatidylinositol and calcium stress signalling, digestive and metabolic processes are 
downregulated upon cadmium exposure in the reference population. However, in the 
tolerant population the expression of these genes remains relatively unchanged or slightly 
upregulated upon cadmium exposure but is lower at the constitutive level. We 
hypothesized that this limited cadmium-induced perturbation of the transcriptome is due 
to the increased efflux (elevated cadmium excretion efficiency (Posthuma, 1990; Posthuma 
et al., 1993; Posthuma et al., 1992), possibly caused by the elevated constitutive 
metallothionein transcription (Roelofs et al., 2007; Timmermans et al., 2005a), and may be 
complemented by the constitutively elevated expression of diapausins (which are able to 
block calcium channels, the major site of entry of environmental cadmium). The 
phenotype of reduced growth reduction upon cadmium exposure in the tolerant 
population may be linked to the reduced inhibition of digestive and metabolic processes. 
However, from the extensive differences in transcriptional patterns between the reference 
and the tolerant population (after at least four generations of laboratory residence, in the 
absence of heavy metal pollution) we may conclude that micro-evolution to 
anthropogenous heavy metal pollution has taken place. 
 
Our observations preclude the use of indiscriminate populations of test organisms for 
ecological risk assessment purposes, because of population specific biases in parameters, 
whether it are organismal responses or (molecular) biomarkers (Morgan et al., 2007). For 
example, metallothioneins are often suggested as a biomarkers in field populations for 
heavy metal contamination (Demuynck et al., 2006; Knapen et al., 2007; Van Campenhout 
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et al., 2003). The tolerant populations of O. cincta have a constitutively elevated mt mRNA 
level, which would give false positive results about cadmium contamination in an 
ecotoxicological test when animals from a tolerant population would be used. Also 
adaptive features of any kind come along with trade-offs, which must have their influence 
on ecosystem functioning (Medina et al., 2007). For example, what is the impact of the 
reduced growth reduction upon cadmium exposure or earlier maturation in cadmium 
tolerant O. cincta on litter decomposition rates compared to the situation in the reference 
population? In order to avoid these complications, well described strains with the minimal 
genetic variation possible should be chosen for risk assessment purposes. Therefore, Nota 
et al. (unpubl.) use a particular strain of the parthenogenetic springtail species Folsomia 
candida, to develop a microarray for ecological soil quality risk assessment in which 
deviations from the normal operating range (van Straalen, 2002) of transcriptional patterns 
are utilized to detect environmental pollution at levels affecting organismal responses. 
 
Future analyses are required to determine the nature of the processes, such as epistatic and 
epigenetic regulation and polygenicity, contributing to the micro-evolution of the 
cadmium tolerant phenotype and metallothionein over-expression.  
 In order to unravel the share of cis and trans regulatory mechanisms in the micro-
evolution of the transcriptional regulation of metallothionein in O. cincta, we may use the 
methodology relying on pyrosequencing the cDNA (Wittkopp et al., 2004; Wittkopp et al., 
2008). This technique allows quantifying the transcripts, as cDNA, of both alleles in a 
diploid genome simultaneously. By subtracting the ratios of allele specific transcripts in F1 
hybrid of inbred pmt homozygous families (C) from respectively tolerant and reference 
origin, from the ratios between the parental strains (P) the share of trans-regulatory 
polymorphisms in the expression of the mt alleles can be determined. This approach could 
be applied to six reciprocal crosses of e.g. pmtA1, pmtD2 and pmtC (because these alleles 
can be discriminated well on nucleotide polymorphisms in the coding sequence) inbred 
homozygous families between reference and tolerant origin, replicated for origin of both 
alleles from maternal or paternal origin. The measurements should be executed on 
constitutive and cadmium-induced expression levels. As a negative control, some genes 
without a strain effect from the microarray study should be measured as well in the 
analysis. 
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 QTL analyses of the cadmium tolerant phenotype are essential in order to find the loci 
which harbour the additive genetic variation responsible for the cadmium tolerant 
phenotype and hence identify candidate genes. A similar approach was performed in the 
unravelling of genes involved in cadmium and zinc hyper-accumulation in Thlaspi 
caerulescens (Deniau et al., 2006) and cadmium tolerance in Arabidopsis halleri (Courbot et 
al., 2007).  
 These QTL analyses could be executed in a F2 generation from a cross between lab 
reared F1 populations from both Roggebotzand (standard reference population) and 
Plombières (tolerant population from a historically contaminated lead mine). Because only 
eight microsatellite loci have been discovered in O. cincta until now (van der Wurff et al., 
2001) additional markers, such as AFLPs, should be added to the analysis in order to make 
the linkage map dense enough. However, the combination of the excretion efficiency 
measurement (which is a destructive method) and the genotyping in a single individual is 
problematic. Therefore, heavy metal tolerance will need to be represented by other 
phenotypes, which correlate with the excretion efficiency (such as e.g. cadmium content of 
the gut pellet) or with mt expression as a molecular phenotype. The use of basal and 
cadmium induced mt expression as molecular phenotypes can be associated to the results 
from the cis/trans regulatory approach. The amount of ROS (reactive oxygen species) 
measured in the tissues as a phenotype for tolerance, should also be considered as a 
possibility, although this is also a destructive method (Pap et al., 1999). 
 In order to reveal possible DNA methylation differences of the pmt locus between 
reference and tolerant populations, reflecting the differential plasticity of cadmium 
induction, a bisulphite sequencing approach would be useful (Dahl, Hutchison, 2000). This 
approach has been applied to screen Fundulus heteroclitus P450 promoters for methylated 
CpG islands (Timme-Laragy et al., 2005). The structure of the chromatin in vivo, and its 
quantitative implications on induced and constitutive transcription levels, may be 
revealed by sensitivities to certain nucleases (Dnase I, micrococcal nuclease and specific 
restriction enzymes) activities and the subsequent electrophoresis associated with an 
appropriate labelling method (Wallrath et al., 1998). The chromatin condition of the pmt 
locus may be compared between reference and tolerant populations with some of the 
more important alleles. The induction mechanism by heat stress of the hsp26 promoter in 
Drosophila relies on the chromatin relaxation by GAGA factor, recruited by certain heat 
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shock elements (HSE), and the subsequent interaction of heat shock factors binding to 
distal and proximal HSEs (Lu et al., 1993). Also PCR depending methods have been 
developed for the detection of footprints and chromatin structure, such as ligation-
mediated PCR (LMPCR), depending on a nested approach of primer extension 
terminating on native genomic containing DNA nicks and breaks introduced by nucleases, 
chemical agents or UV light (Riggs et al., 1998). This method has undergone several 
changes, such as automation and modifications for allele-specificity and repetitive 
stretches (Ingram et al., 2008). By these methods the positioning and the dynamics of 
nucleosomes and other regulatory proteins can be monitored under different 
environmental conditions.  
 Additional yeast one and two-hybrid analyses, with a more stringent protocol 
(Deplancke et al., 2006), should be performed to confirm the present results, to search for 
the additional transcription factors involved (such as MTF-1 and Nrf-2 homologues) and 
their possible protein-protein interactions. The nuclease sensitive sites from the chromatin 
analyses could also be included in this approach. Subsequently, the putative protein-DNA 
interactions of the candidate regulatory proteins have to be confirmed by DNA 
footprinting (also in reconstituted chromatin, for which the histones can be chemically 
extracted from crude protein samples) (Davey et al., 1998), or electrophoretic mobility shift 
assays (EMSA) (Molloy, 2000). 
 The 3’-UTR may determine expression levels as well. The length of the poly-
adenylation signal determines the mRNA stability (Kille et al., 1991), the translational 
efficiency (Tanguay, Gallie, 1996) and the nuclear localization of mRNA in general, and 
may thus affect metallothioneins (Mickleburgh et al., 2006). Metallothioneins are, 
regarding their presence in the nucleus during the S-phase of the cell cycle, considered to 
be essential in preventing DNA damage caused by heavy metals. Because of the high 
sequence divergence of the 3’ end of the O. cincta mt gene (Timmermans and Hensbergen, 
personal communication) it is recommended to investigate the sequence variation of the 
3’-UTR, because it may contain non-neutral sequence polymorphisms responsible for the 
elevated expression or differential cellular localization in animals from tolerant 
populations. Therefore, the structure of the 3’-UTR may be considered as an additional 
form of transcriptional and translational regulation, although gudgeons do not show an 
association between long and short metallothionein mRNA variants and the 
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environmental load of heavy metals (Knapen et al., 2007). Because of the possible 
discrepancy between transcript abundances and protein levels, it is of utmost importance 
to quantitatively measure the metallothionein protein levels and compare them to mRNA 
levels. In this approach it also makes sense to determine the histological and subcellular 
location and the quantity of the metallothionein mRNA and protein in situ, by e.g. FISH 
and immunohistochemical approaches, at different stages of the moulting cycles, from 
different pmt alleles and in individuals from both reference and tolerant origin. For the 
other cadmium-tolerance candidate genes resulting from the microarray study (Chapter 
6), putatively involved in the micro-evolution of cadmium tolerance, more sequence 
information is needed before proceeding with the in situ approach. This entails knowledge 
of coding sequence and genomic organization of the relevant genes. 
 
From this study increasing evidence for micro-evolution to pollution, and its mode of 
action, in a non-model ecologically relevant organism emerged. It also creates a 
fundament for further research on selection models and adaptive polymorphisms in the 
evolution to man-made perturbations of the environment, by providing novel targets in a 
relatively well studied organism.   
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INTRODUCTION  
 
When using genomic DNA libraries, in the study of a non-model organism, it is advisable 
to estimate the genome size. This allows the assessment of the size that a statistically 
relevant genomic library should have. 
The next equation (Clarke, 1976) gives the relationship between the desired number of 
clones, the properties of the library and the genome size. 
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with N: number of clones required, P: probability, a: average insert size and b: genome 
size.  
 
The use of propidium iodide stain and flow cytometry approach allows a quick and 
efficient method for the measurement of the DNA content in nuclei (Leroy et al., 2003). 
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MATERIAL AND METHODS 
 
Culture of the animals and collection of the spermatophores 
 
Male Orchesella cincta were placed seperately in perspex pots with a humid platre de Paris 
bottom, provided with a chunk of bark as food, at 20°C. Pots were inspected on a regular 
basis on the presence of spermatophores. 
Individual spermatophores were picked up, deposited and washed three times in 1 ml of 
sodium citrate, sucrose and DMSO buffer (CycleTESTTM PLUS DNA Reagent Kit, Beckton 
Dickinson) and stored at -80°C. 
 
Extraction and staining of the nuclei 
 
The extraction and staining of nuclei was performed with the CycleTESTTM PLUS DNA 
Reagent Kit (Beckton Dickinson) following the removal of the storage buffer from the 
collected spermatophores by centrifugation at 400 g during five minutes. These 
spermatophore suspensions were spiked with 5 µl of a rainbow trout (Onchorynchus 
mykiss) erythrocyt suspension as an internal reference, which was also analysed 
seperately. The extraction of the nuclei was executed according to the manufacturers 
instructions by means of  trypsine digestion in a, spermine tetrahydrochloride containing, 
detergent buffer followed by the addition of ribonuclease A and trypsin inhibitor in a 
citrate buffer provided of spermine tetrahydrochloride. Both digestions were allowed to 
take 10 minutes. 
The nuclei were stained by a 125 µg/ml propidium iodide solution in a citrate buffer 
provided of spermine tetrahydrochloride. Measurements were performed within 3 hours 
after processing. 
 
DNA content measurement of the nuclei 
 
Flow cytometry measurements were performed on a FACScalibur system (Beckton 
Dickinson) using PBS (phosphate buffered saline) as sheath fluid. The FL2 detector was 
used for the detection of the PI fluorescence, since its emits fluorescence at 585 nm when 
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excitated by the 15 mW 488 nm argon-ion laser. The desired cell populations were 
discriminated from debris and aggregates by pulse processing, i.e. the plotting of the pulse 
area (integral of the total area) with the pulse width (time of flight through the laser 
beam). Many rainbow trout genome size estimates have been performed and transferred 
to an online genome-size database (Gregory, 2001). When taking into account the average 
of the rainbow trout C-values in the database (being 2,65 GBp) and the arbitrarely 
assumed 80% of the humane genome size (2,8 Gbp, Corver pers. comm.) an acceptable 
average of 2,725 Gbp as a C-value was used in the calculation. 
The relative channel position of the modal peaks towards the modal G0/G1 peak of the 
internally spiked trout erythrocytes, with a C-value of 2,725 Gbp, allowed the calculation 
of DNA content per nucleus. 
 
 
RESULTS AND DISCUSSION 
 
Two distinct peaks appeared, at channels 38.21 and 47.52, respectively (see Figure 1). The 
diploid peak of the internally spiked trout erythrocytes appeared at channel 960.20. The 
calculation of the relative genome sizes resulted in 217  and 270 Mbp for the respective 
peaks of male O. cincta. 
Both peaks differ in about one fifth of the size of the largest peak. This may point on a big 
difference in size or the absence of one of the sex chromosomes. O. cincta is n=6 with one 
acrocentric chromosome (Hemmer, 1990). It must be mentioned that genome size 
measurements are temperature sensitive (Nardon et al., 2003). 
 
Table 1: Flow cytometric data of the measurement of Orchesella cincta haploid sperm cells 
relative to diploid erythrocytes of Onchorhynchus mykiss revealed two peaks.  
 
 RT erythrocytes Peak1 Peak2 
Channel 960.2 38.21 47.52 
Gbp 5.45 0.216876 0.269719 
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Figure 1: Flow cytometry histogram showing the relative difference between the DNA 
content (represented as detection channel on the x-axis) of Orchesella cincta sperm nuclei 
and the nuclei of Onchorhynchus mykiss (rainbow trout) diploid erythrocytes. 
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De rol van transcriptionele regulatie in de micro-evolutie van zware 
metaaltolerantie in Orchesella cincta (Collembola) 
 
 
SAMENVATTING 
 
Organismen kunnen de fysiologische status van hun lichaam aanpassen door de 
expressie van specifieke groepen van genen af te stemmen op de omstandigheden in de 
leefomgeving of bepaalde fases in hun ontwikkeling of levenscyclus. Dit gebeurt o.a. 
op het mRNA (boodschapper RNA) niveau. Dit proces heet transcriptie en de regulatie 
hiervan vindt plaats in een stroomopwaarts gelegen, niet-coderend gebied van het gen: 
de promoter.  
 Door antropogene factoren, zoals milieuverontreinigingen, kunnen wijzigingen 
ontstaan in de genetische samenstelling van de onderhevige populaties waardoor deze 
een gemiddeld afwijkend expressiepatroon vertonen t.a.v. populaties uit 
referentiegebieden. Deze verschillen kunnen versterkt worden door natuurlijke selectie 
als de tolerante genotypen een evolutionair voordeel hebben: dit wil zeggen een 
verhoogde vertegenwoordiging in het nageslacht onder de heersende condities.  
 
De hoofddoelstelling van dit proefschrift was het ophelderen van potentiële 
mechanismen waarmee natuurlijk selectie, veroorzaakt door antropogene factoren, 
ingrijpt op de transcriptionele regulatie. Hiervoor werd er gebruik gemaakt van de 
casus van de zware metaaltolerantie in de springstaart O. cincta. 
 
In voorafgaand onderzoek werd evidentie gevonden voor metaaltolerantie, vooral ten 
aanzien van lood en cadmium, bij populaties uit historisch verontreinigde gebieden. 
Deze tolerantie manifesteert zich als verhoogde uitscheiding van cadmium en lood uit 
het lichaam, welke vergezeld gaat van verhoogde basale en cadmium geïnduceerde 
mRNA niveaus van het cadmiumbindende eiwit metallothioneïne.  Door deze casus is 
het proefschrift voornamelijk toegespitst op de analyse van variatie in de 
metallothioneïne promoter en de functionele consequenties hiervan. Bovengenoemde 
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doelstelling valt dus uit mekaar in verschillende vraagstellingen die in de aparte 
hoofdstukken aan bod komen. 
 
• Is er sequentievariatie in de promoter van het metallothioneïne? Hoofdstuk 2 
• Heeft deze variatie functionele betekenis? Hoofdstuk 2 
• Hoe gedraagt deze variatie in de promoter zich in veldpopulaties? Hoofdstuk 3 
• Zijn deze functionele verschillen vergelijkbaar in de genetische achtergrond van 
verschillende populaties? Hoofdstuk 4 
• Welke potentiële transcriptiefactoren binden op de  metallothioneïne promoter?  
 Hoofdstuk 5 
• Zijn er nog andere genen in het genoom van Orchesella cincta die een 
populatiespecifiek expressiepatroon vertonen? Hoofdstuk 6 
 
In Hoofdstuk 2 van dit proefschrift werden de meest voorkomende polymorfismen in 
de promoter van het metallothioneïne (pmt) van O. cincta uit West Europese populaties 
beschreven. Negen verschillende allelen, verschijningsvormen van een gen, werden in 
de 1600tal basenparen tellende promoter teruggevonden. Deze bleken bovendien veel 
punten van recombinatieprocessen te vertonen. Eveneens werden er een aantal 
vermoedelijke bindingsplaatsen voor transcriptiefactoren teruggevonden. 
Transcriptiefactoren zijn signaaleiwitten die de transcriptie van een gen beïnvloeden. 
Ze binden op korte DNA elementen (8-12 bp) in de promoter, waar zij de efficiëntie 
van de transcriptie in positieve of negatieve zin bepalen. De meest karakteristieke 
elementen, gekend uit metallothioneïne promoters van de meest uiteenlopende taxa, 
die werden teruggevonden in het pmt locus zijn de MRE (metaal responsief element), 
de ARE (anti-oxidant responsief element). Maar ook de HERE (20-hydroxyecdysone 
responsief element) werd teruggevonden. Deze staan bekend vanwege de 
transciptionele regulatie door respectievelijk zware metalen, oxidatieve stress en het 
vervellingshormoon. De aanwezigheid van deze transcriptiefactorbindingsplaatsen 
deed vermoeden dat de transcriptie van het O. cincta metallothioneïne gen op de 
aanwezigheid van deze stimuli reageert. 
De mutatiespectra van het pmt locus in zowel een populatie uit een referentie gebied 
als een historische lood- en zinkmijn werden met elkaar vergeleken. Uit deze analyse 
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bleek dat de diversiteit, gemeten als een overmaat aan intermediair voorkomende 
DNA polymorfismen, hoger was in de geadapteerde populatie en dat deze een patroon 
vertoonde dat afweek van neutrale evolutie. Dit duidt dus op een signatuur van 
natuurlijke selectie, in dit geval balancerende selectie. Deze selectievorm wordt 
gekenmerkt door een hoge mate van genetische diversiteit, ook op het niveau van de 
DNA sequenties, en dus ook het voorkomen voor bindingsplaatsen voor 
transcriptiefactoren. Balancerende selectie kan optreden bij een evolutionair voordeel 
voor de heterozygoten (overdominantie) door de heterogeniteit van het milieu, waarbij 
verschillende genotypes een verschillende voordeel hebben in verschillende micro-
habitats.  
 De functionele verschillen tussen deze pmt allelen werden uitgetest met een 
luciferase reporter assay in een cellijn van de fruitvlieg Drosophila melanogaster. 
Daarvoor werden van zes veel voorkomende allelen luciferase reporter constructen 
gemaakt. Dit zijn artificiële stukjes DNA waarin de promoter van interesse voor het 
luciferase gen van de vuurvlieg is gecloneerd. Het eiwit waarvoor dit gen codeert zorgt 
voor lichtproductie in aanwezigheid van luciferine en ATP en maakt een kwantitatieve 
meting van de promoteractiviteit mogelijk. Op deze manier werd de activiteit van zes 
promoter allelen vergeleken na het blootstellen van de transiënt getransformeerde 
cellijn aan cadmium en paraquat (een veroorzaker van oxidatieve stress). Omwille van 
het verband tussen de vervellingscyclus en de excretie van zware metalen in O. cincta 
werd ook het effect van het vervellingshormoon 20-hydroxyecdyson op de transcriptie 
vanaf de metallothioneïne promoter gemeten. De inductie door cadmium van deze 
promoter was het meest uitgesproken. Bovendien werden er erg uiteenlopende 
maximale promoter activiteiten gemeten. Paraquat induceerde vijf van de zes promoter 
allelen met een factor twee, ten opzichte van de basale activiteit. Een allel, pmtC, was 
niet induceerbaar door oxidatieve stress. Bovendien vertoonde dit allel een erg lage 
basale en cadmium geïnduceerde lichtproductie. De hoogste cadmium geïnduceerde 
lichtproductie werd waargenomen bij het pmtD2 allel (een factor 20 hoger dan het 
minst cadmium-induceerbare allel pmtC). Het vervellingshormoon had een licht 
inhiberende werking op de activiteit van de metallothioneïne promoter van O. cincta.  
 Op grond van de data uit Hoofdstuk 2 was er aanleiding te denken dat er sprake is 
van natuurlijke selectie op het pmt locus van O. cincta. Door middel van een veldstudie 
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(Hoofdstuk 3) werd het verband tussen de negen allelen en de gehaltes aan zware 
metalen in bodem en strooisel gelegd. In 23 gebieden in Nederland, België, Frankrijk en 
Duitsland, van uiteenlopende graad van metaalvervuiling, werden de bodem en het 
strooisel bemonsterd en doorgemeten op zware metalen. Eveneens werden er ter 
plaatse O. cincta gevangen. Deze werden door een RFLP (restriction fragment length 
polymorphism) gegenotypeerd, zodat beide pmt allelen uit het genoom bepaald 
werden. Deze methode is een allelspecifieke enzymatische digestie van het PCR-
product van het pmt locus waarbij er na electroforese een allelspecifiek bandenpatroon 
onstaat. 
 Wanneer de monsterlocaties in vervuilingsklassen gegroepeerd werden, konden 
deze het best van elkaar onderscheiden worden op basis van de allelfrequentie van het 
pmtD2 allel. De frequentie van dit allel nam ook toe met het totale gehalte aan 
cadmium in de bodem. Bovendien was dit ook het allel met de hoogste inductie door 
cadmium in de luciferase reporter assay. Deze observaties doen vermoeden dat het 
pmtD2 allel een evolutionair voordeel heeft in met cadmium verontreinigde gebieden. 
Toch werden de allefrequenties in geen enkele populatie gedomineerd door pmtD2. Er 
werd zelfs een toename in genetisch diversiteit van het pmt locus gevonden met het 
loodgehalte in de bodem. Dit sluit aan bij de observatie van balancerende selectie in 
Hoofdstuk 2 en bevestigt de aanwezigheid van natuurlijke selectie op transcriptionele 
regulatie van het O. cincta metallothioneïne door zware metalen in een veldsituatie. 
Deze observaties schiepen nog geen duidelijkheid omtrent het belang van de DNA 
polymorfismen in de promoter (cis-regulatie) voor de transcriptionele regulatie van het 
O. cincta metallothioneïne. Dit ten opzichte van polymorfismen elders in het genoom, 
welke bijvoorbeeld invloed hebben op de structuur of de expressie van eventuele 
transcriptiefactoren. Deze effecten staan ook bekend als trans-regulatie of epistase. 
Bovendien kan de fysische structuur van het DNA in de celkern gewijzigd worden 
door epi-genetische effecten, zoals histon modificatie of cytosine methylaties. Deze 
mechanismen kunnen ook een populatiespecifiek expressiepatroon vertonen. Daarom 
werd in Hoofdstuk 4 de metallothioneïne expressie van drie pmt allelen vergeleken in 
pmt homozygote families van zowel een schoon gebied als een cadmium tolerante 
populatie uit een gebied met een hoog gehalte aan cadmium. Hieruit bleek dat de 
genetische achtergrond bepalend is voor de metallothioneine transcriptieniveaus en dat 
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het genotype een verschillend effect had op de transcriptie in respectievelijk de 
referentie en de tolerante populatie. De belangrijkste DNA polymorphismen betrokken 
bij de adaptatie aan verhoogde cadmiumgehaltes van de omgeving door 
metallothioneïne over-expressie liggen dus elders in het genoom van O. cincta. 
Eveneens is het mogelijk dat er populatiespecifieke herschikkingen van het chromatine 
plaatsvinden. 
 In een preliminair yeast one-hybrid experiment (Hoofdstuk 5) werden er uit een 
cDNA bank een aantal kandidaat transcriptiefactoren van het O. cincta 
metallothioneïne opgevist. Bij deze techniek, uitgevoerd in gist, wordt er specifiek 
gezocht naar binding van recombinant tot expressie gebrachte eiwitten van een cDNA 
bank op specifieke transcriptiefactorbindingsplaatsen op een bepaald plasmide.  
 Dit experiment liet niet toe om een beter beeld te krijgen van het mechanisme van 
de transcriptionele regulatie op dit locus. Toch zijn er cDNAs voor drie potentiële 
transcriptiefactoren (homoloog met CCR4-NOT transcriptie complex subunit 3, Y-box 
proteïne en defective proventriculus) geïsoleerd die in de toekomst verdere aandacht 
verdienen. 
 In Hoofdstuk 6 werd op basis van transcriptomics (microarray analyse) de 
transcriptie vergeleken van ongeveer 1900 genen in een laboratoriumkweek van een 
referentie- en cadmium tolerante populatie. Deze werd bepaald in zowel controle als in 
cadmium blootgestelde dieren. De tolerante populatie vertoonde bij cadmium 
blootstelling een minder verstoord transcriptiepatroon dan de referentiepopulatie. Een 
verschillend effect door cadmium blootstelling bij de twee populaties werd 
waargenomen bij de expressie van 391 genen. Deze konden op basis van hun 
transcriptieniveaus gegroepeerd worden in twee clusters. De genen uit de eerste cluster 
vertoonden hogere expressie bij cadmium blootstelling in de referentiepopulatie. Deze 
genen komen zonder cadmium blootstelling hoog tot expressie in de tolerante 
populatie en zijn betrokken in de structuur van de cuticula, anti-microbiële afweer, het 
afsluiten van calciumkanalen (de opnameroute van cadmium), neurotransmitter 
transport, chromatine herschikking en de activiteit van endoplasmatische vesikels. De 
tweede cluster bevat genen waarvan de expressie bij cadmium blootstelling afneemt in 
de referentiepopulatie en toeneemt in de tolerante populatie. Deze zijn betrokken bij 
koolhydraatmetabolisme, vertering en stress signalisatie in de cel.  
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 In dit proefschrift werd duidelijk dat de evolutie van cadmium tolerantie gepaard 
gaat met verschillen in transcriptie van minstens honderden genen. Ook is er 
aangetoond dat transcriptionele regulatie een zekere rol speelt in de micro-evolutie van 
de zware metaaltolerantie van O. cincta. Nieuwe onderzoekspaden en mechanismen 
kwamen echter bloot te liggen en wachten op vervolgonderzoek. In het kader van de 
regulatie ter hoogte van de metallothioneïne promoter ligt de onderzoekslijn in de 
richting van het isoleren van de respectievelijke transcriptiefactoren, bindingsstudies 
en analyse van de status van het chromatine van het pmt locus. Het in kaart brengen 
van polymorfismen geassocieerd met cadmiumtolerante fenotype en metallothioneïne 
over-expressie, door middel van de QTL (quantitative trait loci) methode, ligt voor de 
hand. Al met al is de rol van cis-regulatie van metallothioneïne transcriptie beter 
begrepen, maar vanwege de sterke trans-effecten op de expressie is het beeld nog niet 
compleet. 
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SUMMARY 
 
Organisms can adjust the physiological status of their body by fine-tuning the 
expression of certain sets of genes to conditions and resources in the environment and 
certain stages in their life-cycle or development. This happens  for a great deal at the 
mRNA (messenger RNA) level.  
 This process is called transcription and the regulation of this takes place at an 
upstream, non-coding region of a gene: the promoter.  
 By anthropogenic factors, such as environmental pollution, the genetic composition 
of populations can change, which causes differences in the expression patterns of 
specific genes, compared to populations from reference sites. These differences are 
favoured by natural selection when the tolerant genotypes have an increased 
representation in the offspring, given the environmental conditions. 
 
The main goal of this thesis was to elucidate the potential mechanisms by which 
natural selection, caused by anthropogenic factors, interferes with the transcriptional 
regulation.  For this purpose the case study of heavy metal tolerance in Orchesella cincta 
was used. 
 
In preceding research evidence was found for heavy metal tolerance, especially with 
regard to cadmium and lead, in populations from historically polluted areas. This 
tolerance is manifested as an elevated excretion of cadmium and lead from the body, 
which comes along with increased basal and cadmium-induced levels of the mRNA of 
a cadmium-binding metallothionein. Therefore this thesis is invigorated on the analysis 
of the variation in the metallothionein promoter and its functional consequences. The 
above mentioned research goal is fragmented in several research questions which are 
dealt with in the respective chapters. 
 
• Is there variation in the sequence of the metallothionein promoter? Chapter 2 
• Does this variation have functional consequences. Chapter 2 
• How does this variation in the promoter behave in field populations? Chapter 3 
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• Are the functional differences comparable in the genetic background of different 
populations? Chapter 4 
• Which potential transcription factors are recruited by the metallothionein 
promoter? Chapter 5 
• Are there other genes in the O. cincta genome with a population-specific expression 
profile? Chapter 6 
 
In Chapter 2 of this thesis the most common polymorphisms in the metallothionein 
promoter (pmt) of populations from Western Europe were described. Nine different 
alleles, forms in which a gene can appear, were discovered in the approximately 1600 
bp promoter. These alleles were bearing several recombination points and contained 
several putative transcription factor binding sites. Transcription factors are signalling 
proteins which regulate the transcription of a gene at the level of the promoter, where 
they bind short (8-12 bp) specific DNA elements. In this way the efficiency of 
transcription is regulated in a positive or negative way. The most characteristic 
elements retrieved in metallothionein promoters from a wide range of taxa are the 
MRE (metal responsive element) and the ARE (anti-oxidant responsive element) were 
present at the pmt locus. But also the HERE (20-hydroxyecdysone responsive element) 
was retrieved. These elements are known from the transcriptional regulation by 
respectively heavy metals, oxidative stress inducers and the moulting hormone. The 
presence of these transcription factor binding sites did suppose that the transcription of 
the O. cincta reacts on these compounds. 
 The mutational spectra of the pmt locus was compared between a population from 
an historically polluted lead and zinc mine and a reference site. From this analysis it 
seemed that the diversity, measured as an excess of intermediate nucleotide 
polymorphisms, was higher in the adapted population and that this pattern was 
deviating from neutral evolution. This observation indicates a signature of natural 
selection, in this case balancing selection. This form of natural selection is characterized 
by an elevated genetic diversity, also at the DNA sequence level, and hence the 
presence of transcription factor binding DNA elements. Balancing selection can operate 
in the case when heterozygotes have an evolutionary advantage (overdominance) or by 
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the heterogeneity of the environment, in which different genotypes are favoured in 
specific micro-habitats.  
 The functional differences between the respective pmt alleles was compared in a 
luciferase reporter assay in cell line of the fruit fly Drosophila melanogaster. For this 
purpose luciferase reporter constructs were made of six abundant alleles. These 
constructs are artificial pieces of DNA in which the promoter of interest is cloned in 
front of the luciferase gene of the fire fly. The protein encoded by this gene cause light 
production in the presence of luciferin and ATP. In this way the activity of six 
promoter alleles was compared after exposure of the transiently transformed cell line 
with cadmium and paraquat (an oxidative stress-inducing compound). Because of the 
connection between the metal excretion and the moulting cycle in O. cincta the effect of 
the moulting hormone 20-hydroxyecdysone on the activity of the metallothionein 
promoter was measured as well. The induction of this promoter was most outspoken 
by cadmium, but diverged significantly among alleles. Paraquat was able to double the 
activity of five out of the six alleles, compared to the basal activity. One allele, pmtC, 
was not inducible by paraquat and exhibited only a limited level of cadmium induction 
and a low basal promoter activity. The highest cadmium-induced promoter activity 
was observed in the pmtD2 allele (a 20-fold of the least cadmium-inducible allele pmtC). 
The moulting hormone had a slightly inhibitive effect on the promoter activity of the O. 
cincta metallothionein promoter. 
 On the base of the data from Chapter 2 there was a motive for natural selection at 
the pmt locus of O. cincta. By means of a population genetic field study a connection 
between pmt allele frequencies and the heavy metal content of the environment was 
made. Twenty-three sites in the Netherlands, Belgium, France and Germany, from 
wide range of heavy metal pollution, were sampled for soil, litter and the concentration 
of six metals was measured. Additionally, O. cincta were sampled as well and 
genotyped by an RFLP (restriction fragment length polymorphism) method on their 
metallothionein promoter. This enzymatic method cleaves the PCR product specific 
way and generates an allele-specific electrophoresis pattern. 
 When the sampled locations were grouped according to their degree of pollution, 
they were best discriminated statistically by the allele frequency of the pmtD2 allele. 
This allele frequency was also correlated with the total cadmium content of the soil. 
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Moreover, this promoter allele showed the highest cadmium-inducible activities in the 
luciferase reporter assay (Chapter 2). These observations suggest that the pmtD2 allele 
has a possible evolutionary advantage in areas with cadmium pollution. However, the 
allele frequencies in none of the sampled populations were dominated by the pmtD2 
allele. Besides this, an increase in genetic diversity was observed with the lead content 
of the soil. This links up with the observation of balancing selection in Chapter 2 and 
confirms the existence of natural selection on the transcriptional regulation of the O. 
cincta metallothionein by heavy metals in the field. However, these observations do not 
clarify concerning the importance of polymorphisms in this promoter (cis-regulation) in 
relation to polymorphisms elsewhere in the O. cincta genome, which determine for 
example qualitative or quantitative features of transcription factors. These effects are 
know as trans-polymorphisms or epistasis. Additionally the physical structure of the 
DNA in the nucleus can be modified by epigenetic effects such as histone modifications 
or cytosine methylations. These mechanisms could also exhibit a populations-specific 
pattern.  
 Therefore, in Chapter 4, the metallothionein mRNA levels of three pmt alleles were 
compared in homozygous families from both a reference and a cadmium tolerant 
population. From this experiment followed that the metallothionein transcription levels 
are determined mainly by the origin, i.e. genetic background, of the populations, and 
that the pmt alleles have a different effect on the mRNA levels in reference and tolerant 
populations. The most important DNA polymorphisms involved in the transcriptional 
regulation of the O. cincta metallothionein are not situated in the promoter but 
elsewhere in the genome. There is also a possibility that population-specific epigenetic 
mechanisms are taking place. 
 In a preliminary yeast one-hybrid experiment (Chapter 5) several potential 
transcription factor binding sites of the O. cincta metallothionein promoter were 
isolated from a cDNA library. This technique implies the screening of interactions 
between expressed proteins of cDNA clones with bait plasmids (containing potential 
binding sites) in yeast. 
 Unfortunately this experiment did not aloow us to get a better mechanistic insight 
in the transcriptional regulation at the metallothionein promoter. However, three 
potential transcription factors (homologous to respectively CCR4-NOT transcription 
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complex subunit 3, Y-box protein and defective proventriculus) were isolated, which 
deserve attention in future research. 
 In Chapter 6 the transcription of approximately 1900 genes was compared between 
a laboratory culture of reference and a cadmium tolerant population with a 
transcriptomics approach (microarray analysis). Both control and cadmium-induced 
expression levels were included in this study. Upon cadmium exposure, the tolerant 
population showed a less perturbed expression profile compared to the reference 
population. In 391 genes, a different effect by cadmium exposure was observed 
between the two populations. Based on their transcription levels, these genes could be 
grouped in two clusters. The genes from the first clusters exhibited elevated mRNA 
levels upon cadmium exposure in the reference population. These genes are 
constitutively highly expressed in the tolerant populations and are involved in the 
structure of the cuticle, anti-microbial defence, calcium-channel (uptake route of 
cadmium) blocking, neurotransmitter transport, chromatin remodelling and the 
endoplasmic vesicle activity. The genes from the second cluster of the cadmium by 
origin interaction are upregulated upon cadmium exposure in the tolerant population, 
but not in the reference. They are involved in carbohydrate metabolism, digestion and 
cellular stress signalling. 
 In this thesis evidence emerged for the contribution of at least hundreds of genes to 
the cadmium tolerant phenotype in O. cincta. Also the importance of transcriptional 
regulation for the evolution of this phenotype is demonstrated. New research paths 
and mechanisms emerged and are awaiting continuing research efforts. In the 
framework of the regulation at the metallothionein promoter, the isolation of the 
transcription factors is a prerequisite which should be followed up by binding assays 
and analysis of the physical status of the chromatin at the pmt locus. Mapping of 
polymorphisms with the cadmium-tolerant phenotype and the metallothionein over-
expression, by means of a QTL (quantitative trait loci) method, is obvious. All in all, the 
role of cis-regulation in the transcription of metallothionein is understood better, but 
the trans-regulatory mechanisms are far from clear. 
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Nawoord 
 
Op 30 juni 2003 heb ik Gent hals over kop verlaten toen ik te horen kreeg dat ik aan een 
promotieonderzoek in de moleculaire ecologie aan de Vrije Universiteit te Amsterdam 
kon beginnen. Ik had de eer om in een solide case study, waarvan de fundamenten 
reeds jaren aanwezig waren, te mogen stappen. Nu, vijf jaar later sta ik op het punt dit 
proefschrift te verdedigen. Het is dus de hoogste tijd om een aantal mensen te 
bedanken! 
 
Graag had ik als eerste mijn promotor prof.dr. Nico van Straalen willen bedanken voor 
het vertrouwen en de adviezen die hij me gegeven heeft gedurende het 
promotieproces. Jouw ongedwongen aanpak en steun waren cruciaal in het hele 
proces.  
Ook ben ik mijn copromotor en begeleider dr.ir. (TFM?) Dick Roelofs erg dankbaar 
voor de ideeën achter het projectvoorstel, de dagelijkse steun, de frisse 
methodologische kijk op de zaak en de pogingen tot het temperen van mijn blinde 
enthousiasme tot haalbare doelstellingen. 
Ik wil de leden van de leescommissie, bestaande uit prof. dr. Mark Aarts, dr. Paul 
Hensbergen, prof. dr. Hopi Hoekstra, prof. dr. Tom Moens en dr. ir. Kees van Gestel, 
van harte bedanken voor het kritisch doornemen van het manuscript van mijn 
proefschrift, het geven van opbouwende repliek en de aanwezigheid op mijn 
verdediging te Amsterdam.  
I would like to acknowledge prof.dr. Hopi Hoekstra for critically reviewing the 
manuscript of my PhD thesis and her presence at my defence in Amsterdam. 
De rol van Janine Mariën in het tot stand komen van dit proefschrift is groot. Janine, 
vooraleerst erg bedankt voor het ontwerpen van het kaftje. Jouw hulp was echter nog 
vele malen groter in het lab. Als ik in tijdsnood kwam, was jij er steeds om een 
helpende hand aan te bieden. Dankzij de strakke regels en organisatie in het 
moleculaire lab was alles tot in de puntjes geregeld.  
Martijn, hoe vaak heb ik jou niet om raad en hulp gevraagd? In ieder geval was jij 
tijdens mijn promotieonderzoek een steun en toeverlaat die steeds met een luisterend 
oor klaarstond en ook met me meedacht en springstaarten ging vangen. Ook was jij als 
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enige collega bereid om tijdens het VIIth International Seminar on Apterygota op Texel 
om met me (tussen de teken) te gaan kamperen. Ik wens jou in ieder geval veel geluk 
en een voorspoedige wetenschappelijke carrière toe in Londen! 
Ansje Löhr heeft me tijdens de relatief korte tijd dat we samen op de afdeling 
dierecologie doorbrachten, goed ingeleerd in de Nederlandse kijk op het leven. Ik heb 
zelden zo veel gelachen als met haar als kamergenoot in de (toen nog) B-0 vleugel! 
Ook Kees (Verhoef), Rudo, Kora, Rik (Zoomer) en Ciska wil ik erg bedanken voor hun 
bijstaan met raad en daad en Desirée voor de hulp bij de opmaak van de binnenkant 
van dit boekje. Ook Henk Hakvoort, Thijs Bliek en Riet Vooijs ben ik dankbaar voor 
tips en de hulp (o.a. het gebruik van de grote centrifuges, de genome walking procedure 
en het sporadische bietsen van een paar µl restrictiebuffer).  
I am also very grateful to dr. Pete Kille and dr. Stephen Stürzenbaum for the hospitality 
and the help with the cDNA and genomic library construction during my stay at the 
University of Cardiff. 
De mensen van het IVM (Instituut voor Milieuvraagstukken), dr.ir. Juliette Legler en 
Peter Cenijn ben ik erg dankbaar voor het inwerken in de celkweek en de 
infrastructuur voor de luciferase reporter assays. Ook dr. Bart Vandecasteele van het 
Instituut voor Bosbouw en Wildbeheer (Geraardsbergen) wil ik bedanken voor de hulp 
bij de monstername in het Gentse. 
Also Ricardo, thank you for the help in the field and in the lab. Thanks for taking me to 
the Son Serra festival and other beautiful places on your island! Dr. Giacomo Spinsanti 
is acknowledged for the many discussions on Collembola, metallothioneins and the 
nice time in Amsterdam and Tuscany.  
Al de huidige en vroegere mensen van de afdeling dierecologie en zusterafdelingen uit 
het Instituut voor Ecologische Wetenschap wil ik erg bedanken voor de leuke tijd die ik 
er heb mogen beleven. Naast het wetenschappelijke overleg was er ook tijd voor een 
gezellig onderonsje tijdens de koffiepauze, de lunch of op een borrel. Also, all the 
foreign people in the department and the institute gave a dynamic vibe in the air, 
which I always enjoyed very much (during the day and at after work!). 
 
Graag had ik mijn ouders ook bedankt voor de steun tijdens mijn studies. Zonder die 
achtergrond had ik niet aan dit promotieonderzoek kunnen beginnen. 
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Mijn meeste dank gaat echter naar Elke. Jij hebt me de voorbije vijf jaar in de 
verschillende fases van mijn onderzoek van het dichtstbij meegemaakt. Bij jou kon ik 
steeds terecht met mijn vreugde en twijfels. Toch heb je me steeds gesteund om door te 
zetten tot het einde!  
 
Iedereen erg bedankt. 
 
Thierry 
 
 




